
NUREG/CR-3660, ol. 2.

UCID-19988, Vol. 2

Probability of Pipe Failure in the
Reactor Coolant Loops of
Westinghouse PWR Plants
Volume 2: Pipe Failure Induced
by Crack Growth
Load Combination Program

i1. I1. hi, R. W. Mensing,11. J. Ilenda

l'repared for
U.S. Nuclear Regulatory Commission

|
|

|

|

Lawrence-

! Uvemmre
i National

Laboratory

8409200445 840831i

CR-3660 R PDR

_ . . _ _ - _ _ . _ _ . _ _ - _ _ _ - _. - - .



.

. e

"
, ,

NOTICE +

This report was prepared as an account of work sponsored by an agency of the United States
'

Government. Neither e the United States Government nor any agency thereof, or any of their
employees, makes sny warranty, expressed or implied, or assumes any legal liability of re-
sponsibility for any third party's use, or the results of such use, of any information, apparatus,
product or process disclosed it' this report, or represents that its use by such third party would
not infringe privately owned rights.

f

NOTICE

Availability of Reference Materials Cited in NRC Publications

Most documents cited in NRC pubhcations will be available from one of the following scurces:,

1, The NRC Public Document Room,1717 r4 Street, N.W.
Washington, DC 20555

2. The NRC/GPO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

3. The National Technical Information Service, Springfield, VA 22161

Although the listmg that follows represents the majority of documents cited in NRC publications,
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu-
ment Room include NRC correspondence and internal NRC memoranda; NRC Of fice of Inspection
and Enforcement bulletins. circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program: formal NRC staff and contractor reports, NRC sponsored conference proceedings, and
NPC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of

| Federal Regulations, and Nuclear Regulatory Commission issuances.

; Documents available from the National Technical Information Service include NUREG series
I reports and technical reports prepared by other federal agencies and reports prepared by the Atomic
| Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

!

Documents available from pubhc and special technical libraries include all open literature items,
such as books, journal and periodical articles, and transactions, federal Reg, ster notices, federal and
state legislation, and congressional reports can usually be obtained from these libraries.

4

Documents such as theses. dissertations, foreign reports and translations,and non NRC conference*

proceedings are available for purchase from the organization sponsoring the publication cited.i

Single copies of NRC draf t reports are available free, to the extent of supply, upon written request
to.the Division of Technical Information and Document Control, U S, Nuclear Regulatory Com

i mission. Washington, DC 20S55.

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are availat,le
there for reference use by the pubhc. Codes and standard; are usually copyrighted and may be

'
purchased from the oreginating organization or, if they are American National Standards from the
American National Standards Institute,1430 Broadway, New York, NY 10018.

;

;

GPO Pr.ntml (im, price

s



NUREG/CR-3660, Vol. 2
UCID-19988, Vol. 2
RM

_ _ _ _ _ _ - - - _ _ _ . - - - - _ _ _ _ - _ _ -. - .

_ ._

Probability of Pipe Failure in the
Reactor Coolant Loops of
Westinghouse PWR Plants
Volume 2: Pipe Failure Induced
by Crack Growth

Load Combination Program

!

.\tanuscript Completed: January 1984
Date Published: August 1984

Prepared by
H.11. Woo, R. W. Mensing, and B. J. Benda

Lawrence Livermore National Laboratory
7000 East Avenue
livermore, CA 94550

l'repared for
Division of Engineering Technology
Office of Nuclear llegulatory llesearch
U.S. Nuclear llegulatory Commission
Washington, D.C. 20555
NI(C 1:lN No. A0133

!

<

i
-- ._ ___. . _ . -- . --.



- -_ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - _ - _ _ _ . _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ - _ - _ _ _ _ _ _ _ _ _

_

.
*

c

The NUREG/3660 report series, " Probability of Pipe Failure in the Reactor
- Coolant Icops of Westinghouse 'PWR Plants," contains four volumes

Volume 1: Summary
Volume 2: Pipe Failure Induced'by Crack Growth
Volume 3: Guillotine Break Indirectly Induced by' Earthquakes
Volume 4: Pipe Failure Induced by Crack Growth, West Coast Plants
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ABSTRACT
!

,
.

This report' assesses the probability of reactor coolant loop (RCL) piping |
-failures resulting from a crack growth mechanism. 'The Westinghouse
pressurized water reactor (PWR) plants in the United States east of the Rocky
Mountains are considered. After:the introduction (Section 1), the assessment
is presented in five parts (Sections 2-6) . Section 2 describes the
characteristics of RCL piping in these Westinghouse PWR plants. Section 3
describes the methodology used in the analysis. Sectione 4 and 5 present the
best-estimate .and uncertainty analyses, respectively. Our conclusions are
presented in Section 6,.along with recommended items for consideration in
future licensing regulations.
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PROBABILITY OF PIPE FAILURE IN THE REACTOR COOLANT LOOPS
OF WESTINGHOUSE PWR PLANTS

Volume 2: Pipe Failure Induced by Crack Growth

EXECUTIVE SUMMARY

The Code of Federal Regulations requires that structures, systems, and
components affecting the safe operation 'of nuclear power plants be designed to
withstand combinations of loads from natural phenomena, normal operating
conditions, and' postulated accidents. One of the mandated requirementu for
load combinations concerns the coupled effects of a safe shutdown earthquake
(SSE) and a loss of coolant accident (LOCA). This requirement has been the
subject of controversy because both events have very low probabilities of
occurring. The issue has become more controversial in recent years because
the postulated LOCA and SSE loads habe each been increased by a factor of two
or more (to account for such phenomena as asymmetric blowdown in pressurized
water reactors), and because better' techniques for defining loading have been
developed.

The Load Combination Program, initiated at Lawrence Livermore National
Laboratory (LLNL) in 1980, aims to provide the U.S. Nuclear Regulatory
Commission (NPC) with a technical basis for solving load combination issues in
nuclear power plant designs. One of the program's tasks is to determine
whether' the requirement to consider the load of a large LOCA combined with
that of an SSE is justified for the safe operation of nuclear power plants.

In attacking the problem, LLNL has adopted a probabilistic approach to
estimate the probability that large LOCA and SSE loads will occur
simultaneously, and to estimate the probability that a large LOCA will be
caused only by normal and abnormal loading conditions (without an
earthquake). These estimates give us useful information on the likelihood of
an asymmetric blowdown, which would be part of a large LOCA.

The first phase of the Load Combination Program was a pilot study on the
reactor coolant loop (RCL) piping of the Zion Unit 1 plant. The study was
divided into two cases, according to the postulated cause of failure. One
case was concerned with pipe failure caused by crack growth in the pipe weld
joint locations. The second case dealt with causes other than the crack

growth mechanism, such as the failure of support systems. The pilot study's
results indicated that the probabilities for a failure due to the simultaneous
occurrence of an SSE and a double-ended guillotine break (DEGB), result'ing
from either cause, were extremely low. For convenience, we refer to the first
case as a direct DEGB; the second case is referred to as an indirect DEGB. In
this volume of the report, we / address only the case of a direct DEGB.

The major objective of this report is to provide an estimate of the
probability of a direct DEGB occurring, due to the fatigue crack growth
mechanism in the RCL piping at the Westinghouse pressurized water reactor

| (PWR) plants east of the Rocky Mountains. Seventeen sample plants,
representing 33 reactors at 19 sites, were selected to represent the larger
population of Westinghouse PWR plants in the region under consideration.
For Westinghouse PWR plants west of the Rocky Mountains, a similar study is
documented in Volume 4 of this report series.
'
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Two analyses, a best-estimate analysis and an uncertainty analysis, were
performed. The former gives a point estimate of the probability of a failure,
while the latter provides confidence bounds for this estimate.

In the best-estimate analysis, we followed the methodology developed in the
pilot study, and made point estimates of the probabilities for an RCL piping
fallure at each of the 17 sample plants. For these plants, leakage estinates

-8ranged from 10 to 10-9 per plant year. The probabilities for a direct
DEGB in the RCL were estimated as being about 10-12 per plant year. In the
uncertainty analysis, we developed a methodology that incorporates
uncertainties in several parameters affecting the assessments of DEGB
probabilities. The confidence bounds for the 90th percentiles of the
probabilities for a leak and a direct DEGB were estimated as 2.4 x 10-7 and
7.5 x 10-11 per plant year, respectively. Based on the results of both
analyses, we concludedt

(1) A direct DEGB is a very unlikely event for the RCL piping in Westinghouse
PWR plants east of the Rocky Mountains.

(2) Earthquakes contribute very little (at most about 1%) to the probability
of a direct DEGB in the RCL piping of the Westinghouse PWR plants east of
the Rocky Mountains.

(3) The difference of at least three orders of magnitude between the leak and
| the direct DEGB probabilities suggests that a leak is more likely than a

direct DEGB in the RCL piping for Westinghouse PWR plants east of the
Rocky Mountains.

These conclusions have led us to the following considerations for design
criteria for the RCL piping in Westinghouse PWR plants east of the Rocky
Mountains:

,

(1) The design requirements for simultaneous DEGB and SSE loads (as related
to the crack growth mechanism in the RCL piping) should be reconsidered,
since the probabilities that these events will occur are extremely low.

(2) The design requirements for postulating crack growth mechanism failure
modes in the RCL piping should focus on the " leak" mode rather than on
the "DEGB" mode.
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1. INTRODUCTION

1.1 Background

The Code of Federal Regulations requires that structures, systems, and
.

components affecting the safe operation of nuclear power plants be designed to
withstand those combinations of loads that can be expected from natural
phenomena, normal operating conditions, and postulated accidents.1 An
example of a load combination requirement for nuclear plants is the effect of
a safe shutdown eacthquake (SSE) load coupled with the load from a loss of
coolant accident (LOCA). In a recent evaluation, these combined loads were
increased by a factor of two or more to account for such phenomena as
asymmetric blowdown in a pressurized water reactor (P%R). The U.S. Nuclear
Regulatory Commission (NRC) recognized the urgent need for resolving this
issue, since implementing the regulations have resulted in design and
construction difficulties, increased construction costs, increased radiation
exposure of maintenance crews, and a reduced reliability for the stiffer
systems under normal operating transients.

In response to a request from the NRC, Lawrence Livermore National Laboratory
(LLNL) undertook a multiyear Load Combination Program, beginning in fiscal
year 1980. The first phase of this program was to assess the influence of
seismic loads on a double-ended guillotine break (DEGB) event in the reactor
cooling loop (RCL) piping of a PWR plant. A probabilistic approach was
adopted for the evaluation. The results of that assessment indicated:

(1) Fatigue crack growth from all transients, including earthquakes, would be
an extremely unlikely mechanism for inducing a DEGB.

(2) The contribution of earthquakes to the occurrence of this unlikely event
would be a small percentage of the probability for a total failure.2

However, the estimate for the probability of a failure used in that study was
a point estimate, since uncertainties in the input variables were not
considered.

In this study, therefore, we performed both a best-estimate analysis, and an
uncertainty analysis to provide the uncertainty bounds for the estimated
failure probabilities. Furthermore, our study covered a large population of
Westinghouse PWR plants (33 reactor units at 19 plant sites) located east of
the Rocky Mountains.

1.2 Objectives and Contents of this Report

The two main objectives of this report are to present the results from
analyzing the probability that RCL piping failures might be induced by fatigue
crack growth, and to recommend action items for future licensing regulations
on the load combination requirements for the RCL piping in Westinghouse PWR
plants east of the Rocky Mountains.

This report consists of six sections and an Appendix. Section 1 is the
Introduction. Section 2 describes the characteristics of the RCL piping in
Westinghouse PWR plants. Section 3 gives an overview of the analytical

,
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methodology. Section 4,_ the best-estimate analysis, gives a point estimate
for the probability of a failure in the RCL piping for each of the plants.
Section 5 presents an uncertainty analysis, which provides the uncertainty
bounds for the plant with the highest probability of a DEGB failure, as
indicated by the best-estimate analysis. Section 6 lists the study's
conclusions, and recommends action items for consideration in future licensing
regulations. Appendix A tabulates information regarding the RCL pipe
geometries and loadings as derived from the Westinghouse data package.
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2. REACTOR COOLANT LOOP (RCL) DESCRIPTIONS EVR THE WESTINGHOUSE PWR PLAttrS
EAST OF THE ROCKY MOUNTAINS

2.1 General Information

The primary components of the Westinghouse PWR s.uclear steam supply system
(NSSS) are the reactor vessel, steam generators, and the reactor coolant
p umps. Figure 1 shows a typical four-loop NSSS supplied by Westinghouse. The
piping for each reactor coolant loop (RCL) contains a hot leg (reactor
pressure vessel [RPV) to steam generator [SG]), a crossover leg (steam
generator to reactor coolant [RC) pump), and a cold leg (reactor coolant pump
.to reactor pressure vessel). Westinghouse also supplies 2-loop and 3-loop
configurations. Figure 2 shows the locations of the 16 circumferential girth
butt welds that are common to each loop, which are the concern of this study.

Although the general arrangement of the Westinghouse RCL system has not
changed since 1961, the designs for the steam generators and the loop piping
differ in the piping materials and the number of loops used, and in their
geometries. Table 1 lists Westinghouse reactors in the U.S. that are in
operation, under construction, or on order, as of August 1983.3,4

2.2 The PWR Plants Being Considered

Westinghouse has provided the Load Combination Program with a design data
package covering 36 (out of a total of 59)4 reactor units at 21 plant sites,
including 2 sites on the west coast.

In this volume of the report, we are concerned with the Westinghouse reactor
units located east of the Rocky Mountains. A similar study of the west coast
plants is presented in Volume 4 of this report series. Furthermore, since
many reactor units have identical designs, for our analysis we identified 17
sample plants which are representative of 33 reactor units and 19 plant
sites. The design data for one sample plant may thus represent more than one
reactor unit and more than one plant site.

Table 2 summarizes the characteristics of the RCLs in the Westinghouse plants.
under consideration. The RCLs in these plants vary in steam generator design
(four models, as shown in Table 3), number of loops per unit (two, three, or
four loops), method of pipe manufacture (cast or forged), pipe material (four
types), and wall thicknesses for the girth butt welds (two classes). We
believe that the 17 sample plants chosen for analysis represent the generic-
characteristics of Westinghouse RCLs.

2.3 Design Data Package

Westinghouse provided a design data package for the 17 sample plants
containing relevant information about the pipe material, pipe geometry, and
the design loadings. These loadings consist of internal pressure in the pipe,
the dead weight, loads resulting from the restraint of thermal expansion, and
seismic loads. Appendix A tabulates the pipe geometries and design loadings
at each of the 16 welds in the RCL piping of the 17 sample plants,

f
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Table 1. Characteristics of the reactor coolant loops (RCLs) for all
Westinghouse PWR plants in the U.S.

Method 1

Steam Number of pipe Pipe Pipe wall I

generator of manufac- material thickness Commercial,

b CPlant'name modela loops ture type type operation |

,

Yankee Rowe 13 4 -- -- F 6/61
San Onofre 1 27 3 Forged 1 E 1/68
Haddam Neck 27 4 Forged 3 E 1/68
Ginna 44 2 Forged 1 C '3/70
Point Beach 1 & 2 44 2 Forged 1 C 12/70, 10/72

Robinson 2 44 3 Forged 1 C 3/71
Turkey Point 3 & 4 44 3 Forged 1 C 12/72, 9/73

Indian Point 2& 3 44 4 Forged 1 C 7/74, 8/76

Prairie Island 1 & 2 51 2 Forged 1, S C/D 12/73, 12/74

Kewaunee 51 2 Cast 5 D 6/74
Surry 1 & 2 51 3 Forged 1 C 12/72, 5/73

'

Parley 1 & 2 51 3 Cast 4 B 12/77, 7/81

Beaver. Valley 1 & 2 51 3 Cast 4, 5 D/B 4/77, 86

North Anna 1 & 2 51 3 Cast 1 A 6/78, 12/80

Zion 1 & 2 51 4 Forged 1 C 10/73, 9/74
Diablo Canyon 1 & 2 51 4 Forged 1 C --

Salem 1 & 2 51 4 Forged 1 C 6/77, 10/81
D. C. Cook 1 & 2 51 4 Cast 5 D 8/75, 7/78
Trojan 51 4 Cast 4 B 5/76'

Sequoyah 1 & 2 51 4 Cast 5 B 7/81, 6/82
Virgil C. Summer 1 D 4 Forged 2 B 10/83
Shearon Harris 1 & 2 D 3 Forged 2 B 86, 90

,

Byron 1 & 2 D 3 Forged 2 B 84, 85

Braidwood 1 & 2 D 4 Forged 2 B 85, 86 ^

Marble Hill 1 & 2 D 4 Forged 2 B 86, 87

McGuire 1 & 2 D 4 Cast 4 B 12/81, 10/83

Catawba 1 & 2 D 4 Cast 4 B 85, 87

Commanche Peak 1 & 2 D 4 Cast 4 B 84, 85

Watts Bar 1 & 2 D 4 Cast 4 B 84, 85

Seabrook 1 & 2 F 4 Forged 2 B 84, 87

Vogtle 1 & 2 F 4 Cast 4 8 87, 88

Millstone 3 F- 4 Cast 4 B 86
Wolf Creek F 4 Cast 4 B 84
Callaway 1 F 4 Cast 4 B 85

i South Texas 1 & 2 E 4 Cast 4 B 86, 88
! * This is the Westinghouse model designation.

b Five materials are used: 1 = ASTM-A376-316; 2 = SA-376-304N; 3 = SA-351-CF8A;
4 = SA-351-CF8M; 5 = SA-430-316.

c Pipe Wall Thicknesses
Hot leg . Crossover leg Cold leg

(29 in. I.D.) (31 in. I.D.) (27. 5 in. I.D.)
| A 2.33 2.48 2.21
l B 2.45 2.60 2.32-

C 2.70 2.88 2.56
dD 2.47 2.59' 2.47
dE 2.50 2.56' 2.50

F NA
d 27.5 in. I.D.
* 29.0 in. I.D.

8
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Table 2. Characteristics of reactor coolant loops for the Westinghouse
plants under consideration east of the Rocky Mountains.

Method Class of

Sample- Number . Number Number Steam of pipe Pipe wall. thick-
plant of plant of of loops generator. manufac- material ness for

bnumber' sites units per unit modela ture type weldc
,

1 1 1 2 51 Cast 4 TB

2 .1 '2 4 D Cast 3 TA
3 1 2 4 51 Cast 4 TB

4 1 2 4 E Cast 3 TA
5 1 2 4 D Cast 3 TA

6 2 2 4 F Cast 3 TA
7 1 2 4 51 Forged 1 TA

8 1 2 4 D Forged 2 TA
9 1 2 2 51 Forged 1 TA

10 1 1 3 51 Cast 4 TA
11 1 2 4 51 Forged 1 TA
12 1 2 4 D Cast 3 TB
13 1 1 3 D Forged 2 TA

14 2 4 4 D Forged 2 TA
15 1 2 3 D Forged 2 TA
16 1 2 4 F Forged 2 TA
17 1 2 3 51 Cast 3 TA

aThis is the Westinghouse model designation.
bPipe material type: 1 = ASTM-A376-316; 2 = SA-376-304N; 3 = SA-351-CF8A;

4 = SA-351-CF8M.

cFor this table we have defined two classes (TA and TB) of wall thicknesses
for the 16 girth-butt welds, so as to include all the pipe wall thicknesses
noted in Table 1. Details can be found in Appendix A.

Hot leg Crossover leg Cold leg
(in.) (in.) (in.)

TA 2.45 - 3.375 2.6 - 3.3125 2.32 - 3.03
TB 2.8 - 3.375 3.0 - 3.3125 2.7 - 3.03

!
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-Table'3. -A list of transients,.and the postulated numbers of.their
occurrences over a 40-year plant life, for the. Westinghouse2

steam generator designs.

I'

a *
< .

. Transients Occurrences for steam generator model

|
=51 D E F i

!

Heatup and cooldown

(at 100*F/h) 200 each 200 each 200 each 200 each

Unit loading and
unloading (at 5% of
full power / minute) 18 300 each -13 200 each 13 200 each 13 200 each

Step load increase
and decrease (at 10%
of. full power) 2 000 each 2 000 each 2 000 each 2 000 each

'

Large step load
decrease (with
steam dump) 200 200 200 200

Loss of load 80 80 80 80

Loss of power 40 40 40 40

Loss of flow
(partial loss) 80 80 80 80

Reactor trip
( from . full power) 400 400 400 400

Steam line break 1 1 1 1

Turbine roll test 10 20 20 20

Hydrostatic-test
Condition 5 5 5 5

a Although the number of occurrences may be identical for different steam
; ' generator (SG) designs, the resulting temperature and pressure variations for

each'SG design may be different. SG Models 13, 27, and 44 are not shown.
._However, their effects on the temperature and pressure variations are similar
to those of the SG designs that are listed.

,

'
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3. METHODOLOGY USED IN THE ANALYSIS I

3.1 Introduction

Our' estimates for t! ? prooabilities of failure in the RCL p'iping welds were
. derived from a two-stage analysis: a best-estimate analysis and an uncertainty

a nalysis. : The best-estimate analysis provides a point estimate by using
judgment in choosing the best available inputs and models. The uncertainty
analysis considers the uncertainties associated with these inputs and models,
and establishes the uncertainty bounds for the estimated probabilities of
failure.*

Both analyses start by estimating the probability for the occurrence of a
failure at each vulnerable location in the RCL piping; that is, at the
circumferential butt weld joints. In the following subsections, we present a
brief description of the procedure used to estimate this probability for a
single weld joint, followed by the procedures for estimating the probabilities
for RCL' systems. Finally, we discuss the details of both analyses.

3.2 Probability Estimates for a Weld Joint Failure

Failure at a weld joint is defined either as a leak or a DEGB. Figure 3
'

provides a computational flow chart showing how a piping reliability model is
used to estimate the probability of failure at a weld joint. The model used
is based on a probabilistic fracture mechanics concept. Details of the
model's basic assumptions can be found in Reference 6.

The computations start by considering the probability that a crack exists in a
weld. In the simulation process,.a Monte Carlo method of numerical simulation
is then used to start the selection of samples at a weld. The size of the

i initial population of crack-like defects at the weld are considered as being
randomly distributed. These initial cracks have a certain probability of'

being detected and repaired during preservice inspection and hydrostatic proof
testing. Repairing these cracks modifies the initial crack size distribution:
the remaining cracks will grow by following a characteristic pattern of
subcritical crack growth. Loading events consist of normal and abnormal

; operating conditions, and earthquakes.

For the 40-year life of the plant, the growth history is calculated for each
-crack sample. The critical sizes of cracks for which a leak or a DEGB will
occur can be determined by applying the appropriate failure criteria. The
probability of a leak or a DEGB at a weld joint during a given time interval
is equal to the probability that a crack will grow to the corresponding'

. critical size within that interval. A computer program, PRAISE (Piping.
'

Reliability Analysis Including Seismic Events), has been developed to carry
out the detailed calculations.7

3.3 Probability Estimates for RCL System Piping Failure

r

After the failure probabilities for each weld joint have been'obtained, they
i - can be combined to estimate the possibility of failure in the RCL system

; piping.8 In the present s tudy, we define a system piping failure as being a

! 11
F. .

I .>
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Probability that one crack exists at a weld
, ~

e weld volumej

| P

| -

' Monte Carlo simulation process
* N samples
e stratified sampling scheme

o

Random selection of a crack
i e initial crack size distribution

u

Pre-service inspection and hydrostatic proof test
e crack detection probability
e hydrostatic proof pressure

o

Crack growth
a crack growth characteristics
e loading events
e loadings and their frequencies,

I

i
i

in-service inspection'

e crack detection probability

n

i Failure criteria
e leak

- leak detection threshold
e break

,

\ u

Continuation of Monte Carlo simulation
process until completion of N samples

v

Probability of failure at a given weld
as a function of time

I

Figure 3. Computation flow chart for estimating the failure probability
at a given weld.
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' failure at any weld in the loop. Assuming that each weld failure is an
independent event, we can define the system piping failure by:

N
(1)(Pg)sys * 1 -

.
{l - (Pg) j ] ,

J=1

.where

(Pg)sys = the probability of failure in the RCL system piping,
(P )j = the probability that the jth joint in the system pipingg

will fail,
N = the total number of weld joints in the system piping.

If we assume that the loops are identical, Eq. (1) becomes:

16

(Pg) sys = 1 - f)1 [1 - (Pg) j] L (2),

]=

where L represents the number of loops. This number varies from two to four
for the RCL system piping in Westinghouse plants.

3.4 Uncertainties and Our Methods of Analysis

Many events affecting the RCL piping are rare and stochastic in nature (e.g.,
earthquakes), and estimating the probability of'a failure due to them is a
complex process. Simulation analysis is an appropriate method.for this
situation. Unfortunately, the assumptions and inputs for simulation analyses
are usually subjective, resulting either from a lack of data or J 1ack of
knowledge. Thus, the results of the analysis are uncertain.

There are three sources of variation associated with a simulation analysis:

(1) Random physical variation--This is inherent in the physical nature of the
parameters. For example, the initial crack size in the PCL piping is not
a single value, but is a distribution reflecting various causes resulting'

from different environments.

(2) Sampling process uncertainty--This is a random variation associated with
the' sampling process used in the simulation.

(3) Modeling uncertainty--This is the uncertainty associated with the models,

'

and inputs. This uncertainty considers variations in engineering
judgments and expert opinions based on limited data for "true" models and
inputs.

[

Since random physical variation is an inherent part of the physical world, it'

can not be eliminated by analysis. Its existence is the reason we are
interested in finding a probability for the occurrence of pipe failures. The
other sources of variations are associated with the analytical methods, and
reflect our limited knowledge about certain parameters.

|

f'
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'In tha prxitnt analysis, the simpling unc2rtainty dua to tha stratified
,

sampling process is expected to be small, so it is not considered in the |

analysis. JWe are therefore concerned with the other two uncertainties. |

|
.The input parameters with random physical variations are:

~

|_e . Initial crack size: the initial crack depths and aspect
ratios are considered to be random variables,

e Crack growth: fatigue crack growth is treated as being random.
e Flow stress: flow stress is treated as a random variable.

The input parameters considered as being subject to modeling uncertainty are:

Initial crack, depth distribution,e
o Aspect ratio distribution in the initial cracks.
e Thermal expansion stresses.
* Seismic stresses.
e Seismic hazard curve.

The input parameters considered as being known without any uncertainty are:

e Volume of the weld material.
e Probability that a crack exists in the weld volume.
e Number of welds.
e Number of loops.
e Geometry of the pipe.
e Hydrostatic proof-test pressure.
e Dead weight stress.
* The pressure of the operating fluid.
o Design transient conditions.
e Leak detection threshold.

Considering the random physical variation in the piping reliability model
along with the simulation process gives us a point estimate for the
probability of a failure in the Westinghouse RCL piping. This point estimate
is also known as the best estimate, because it uses the best available
information for input parameters and models. The procedure for doing a

'

best-estimate analysis is illustrated in Fig. 4.

i An uncertainty analysis considers the uncertainties associated with the inputs

| and the models. It provides an estimate of the bounds, or limits, for the
probability of a failure. We refer to these limits as " uncertainty bounds",
and can also assign a measure of " confidence" to these estimates. Figure 5
shows the procedures used in doing an uncertainty analysis.

3.5 Important Events for the Analyses

.It is desirable to express the results of the probability of failure analyses
in terms of earthquake events, since earthquakes are of interest from both the

j

j design and' safety evaluation standpoints. By assuming that earthquakes occur
randomly over a given interval of time, the probability of n earthquakes
occurring during the life of the plant can be expressed by the Poisson
probability distribution:

-A to )Dt e o /n! , n = 0,1,2,... (3)Pn" (A ,

!
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Simulation process piping Best estimate (single value)-'
- Best selections of .in conjunction with a for the probability of a failure*-.-

input parameters reliability model

Figure 4. Procedures used in the best-estimate analysis.

V

Consideration of
Simulation pr<> cess . Uncertainty bounds forfive parameters with un t. n with

uncertainty, in addition "felfab I ty
* the probability of a failure

;

to other parameters

Figure 5. Procedures used in the uncertainty analysis.
z

a

where A is the expected frequency of earthquakes per year, and t is then
plant life.

Three scenarios related to an RCL piping failure during the plant's lifetime

are of interest:

(1) An RCL piping failure occurs, but no earthquake occurs during the plant's

lifetime.

(2) An RCL piping failure occurs before the first earthquake during thei

plant'c lifetime.

(3) An RCL piping-failure and the first earthquake during the plant's
lifetime occur simultaneously.

The sum of the probabilities for these three: scenarios gives the probability
for the failure of the RCL piping during the plant's 40-year lifetime. The
next three subsections list the formulas for calculating the probability for

the occurrence of each scenario. (Details about the derivation of these
i formulas can be found in Reference 9.)

| 3 5.1 An RCL Piping Failure and No Earthquake

! The probability for'an RCL piping faildre (under the no earthquake conditions)
,

can be calculated by:
:
r

| P(failure and no earthquake)

; r ,

'16

'](1-Pj(FjInoearthquake)]E *e-40A=*1- (4)o ,

u
-'=1 , ,
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where Fj represents the event- that the jth weld fails during the life of the, ,

plant, and L is the number of; loops in the RCL system.
p -

,

3.5.2 =An RCL, Piping Failure Before the First Earthquake
,

| The probability for an RCL piping failure before the first earthquake during
~ the plant's lifetime can be calculated by:

~

P(failure before first' earthquake)

40 :16
f ' ' - {l -' h (1 - Pj (Fj prior to first earthquakel Tg = t)]L} A e-A t

= o dt (5)o
JO ]=1*

where Tp is'the time of the first earthquake.

; 3. 5. 3 ' Simultaneous RCL Piping Failure and First Earthquake

j' The probability of an RCL piping failure occurring simultaneously with the
! first earthquake can be calculated by:

P(failure and first earthquake)
40 16 ..r=I {l - [1 - Pj (Fj at t| Tp = t, PGA = a)) L} f(a) Ac -A

,

te o dt da (6)'

i J &>& J O 3*'
'

i-
.

-

-

| where f(a), based on the seismic hazard curve, represents the frequency
distribution of the peak ground acceleration (PGA), during an earthquake.

i-
3.6 Interpretation of Results

4

| The 17 sample plants are assumed t'o represent a random sample of 'the4

* Westinghouse PWR plants east of the Rocky Mountains. To infer the empirical
:umulative probability of a failure' at any Westinghouse plant east of the'

Rocky Mountains from the sample plant analysis, we selected the graphical

]=
method shown in Fig. 6. ,

'

In this figure, the horizontal axis represents the probability of a failure;
! the vertical axis denotes the probability, ranging from 0.to 1, of not
i exceeding a particular probability of failure. t

Given K sa'mples, the values 1/K+1, 2/K+1, 3/K+1,..., K-1/K+1, K/K+1 on the
; vertical axis are plotted against the monotonically increasing probabilities

P ,..., P , on the horizontal axis.a A curve can then ~!- 'for a failure, P ,1 2 K _y

I be drawn through these points to approximate the distribution of probabilities

( 'of failures for all the plants that are of interest. For example, in a

| best-estimate analysis, Fig. 6 provides the "best estimate" of' the median
! probability.for a failure, P0.5 It also provides a best estimate for:

( P .9S. a value that is greater than the probabilities of failure at 99% of0

| 'the Westinghouse plants.
l

This graphical method essentially estimates the probability of a failure in a
large population, based on the results from a limited (but adequate)
sampling. .In Sections 4.and 5,'we use this approach to estimate the
probabilities for failures of the RCL piping,;in the Westinghouse PWR plants

I east of the Rocky Mountains, by best-estimate and uncertainty analyses.
l~

16 '
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Figure 6. A graphical method used to derive the probability of failure
in the RCL piping for large populations of Westinghouse PWR plants.
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4. THE BEST ESTIMATE ANALYSIS j

l

This analysis provides the best estimate for the probability of an RCL piping I
failure for each of the 17 Westinghouse sample plants east of the Rocky
Mountains. . Assuming that the 17 plants are a representative random sample of ;

all the Westinghouse plants east of the Rocky Mountains, we further present a
best estimate:for the probability of an RCL piping failure for all of these
plants. As previously mentioned, this uses the best estimates of the inputs

. to the piping reliability model.
!-

4.1 Input Parameters for the Analysis

Following the computation flow chart for the piping reliability model of
| Fig. 3, we will first estimate the probability of a failure in each of the 16

circumferential girth batt weld joints in the RCL piping of each plant. We
; then estimate the probability of a failure in the RCL piping system as a

whole, by combining the 16 probabilities. In the following subsections, we
summarize the input parameters representing the best information for the
analysis.

4.1.1 The-Probability for the Existence of a Crack

If we assume that the cracks are created by the welding process, it is logical
to relate the probability of a crack's existence to the weldment. If V
denotes the weld volume, and Ay is the rate of cracks per unit volune, and
we assume a Poisson distribution for any cracks in V, the probability of
having one crack, P , can be estimated by:61

Py = VA exp(-VAy) (7).y

Using a best estimate of A as being equal to 0.0001 per cubic inch, andy
considering two pipe thicknesses, we have listed in Table 4 the probability
for one crack existing in each RCL piping weld.

^
i

4.1.2 The Distribution of Initial Crack Size

Figure 7 shows an interior surface crack with a semi-elliptical shape, a crack
depth of a, and a crack length of 2b.

Studies of the initial depth distribution of cracks, based on data from

: laboratories and from field experience, have been reported. A careful review
of these studies led us to select Marshall's10 model, in which a truncated
exponential distribution represents the distribution of the initial cracki

depth, as given by the density function:

-a/pe
0<a<h (8)Pa (a) =

p(1 - e-h/p) - --
,

where the best-estimate value of y is 0.246 inch.

|

!
.
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Table 4. Probability for the existence of one crack in eacn RCL piping weld.'
3

Weld volume (cu in. ) P(existence of I crack)
| ' Region of' Weld joint.

RCL number Thickness A* Thickness B* Thickness A* Thickness B*

Hot leg 1 1139 1276 0.1016 0.1274
2 1139 1276 'O.1016 0.1274,

3 2028 2554 0.1656 0.2077
4 2028 2554 0.1656 0.2077

5- 2028 2554 0.1656 0.2077
,

i' Crossover leg 6 2137 2410 0.1726 0.2195
7 1378 1554 0.1201 0.1528
8 1378 1554 0.1201 0.1528
9 1378 1554 0.1201 0.15281

i
10. 1378 1554 0.1201 0.1528
11 2137 2410 0.1726 0.2195

4

.'

Cold leg 12 -2915 3307 0.2178 0.2803
13 2915 3307 0.2178 0.2803
14 978 1109 0.0887 0.1142
15 978 1109 0.0087 0.1142
16 1596 1799 0.1353 0.1741

*

Refers to Table 2.
3

The aspect ratio, defined as 8 = b/a, is another parameter that describes:

! crack size. The modified lognormal density distribution proposed by Harris 6
was selected to describe the aspect ratio distribution as follows:

e

!

| r0, when 8 < 1 (9)
,

.Pg (S) =4
/ 2C

- In _8_, /j/1

8 exp' 2A , when 8 > 1 ,

' A8 (2x) ! O
m '.-
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Figure 7. A circumferentially oriented semi-elliptical pipe crack with i

depth a, half-length b, inside radius R , and wall thickness h. |
i

where C3 = 1.419, A = 0.5382, and sm = 1.366 (which correspond to
a Pg (S > 5) = 10-2) are the best estimate values used for the
distribution.

.

4.1.3 The Probability of Detecting a Crack

Ultrasonic testing, a method of nondestructive examination, is often used for
detecting cracks during preservice and inservice inspections. Only those
cracks which escape detection by this method can grow any further. Therefore,
we are interested in the probability of not detecting a crack, PND, which is
a function of the crack's size, the material being tested, and the

characteristics of the instrumentation. For cast austenitic steels, we

have:6

= 0.5 erfc Iv ln AP j

! k ^,/
*^

B if 2b < D,
B

A=< '

.
wab if 2b > D_B',

' 2

where v = 1.6, erfc is a complementary error function, DB (equal to
j 1 inch) is the ultrasonic beam diameter, and A* (equal to [h/2a] A) is the

area of a crack with an approximately 50% chance of being detected.
Equation (10) indicates that the probability of not detecting a very small
flaw is nearly 1, and the probability of not detecting a very large one is
nearly O.

20
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.4.1.4 Crack Growth Calculations

The structural material's subcritical crack-growth characteristics are an
-important input for the analysis. In the present instance, the material
considered is basically Type 316 austenitic stainless steel, which has
typically been used for the RCL piping at Westinghouse plants. This material
has never been observed as being susceptible to stress corrosion cracking in<

the primary piping of PWRs. Attention was therefore concentrated on fatigue
crack growth, with possible environmental influences being considered. Hence,

corrosion fatigue is included in the analysis.

Crack growth caused by fatigue can be calculated by certain combinations of

two variables; the range of the applied stress intensity factor, AK, and
the load ratio, R. The load ratio is defined as Kmin/Kmax, with Kmin
and Kmax representing the minimum and maximum stress intensity factors,
respectively.

Using suf ficient data on the fatigue crack growth rates of Types 304 and 316
stainless steels in a simulated PWR environment for a range of stress
intensities, various load ratios, test frequencies, and specimen orientations,
Harris proposed the following fatigue crack growth rate law:6

!r0,when AK < 4.6 ksi(in.)
a

pa , 4
~4dn _4

-

AK

- > 4.6 ksi(in.)1/2 (11)
aCAK =C , when 4K

_(1 - R)1!
"'

.

!r0, when AK < 4.6 ksi(in.)
b

I
N5 = < .

AK
4dn _4

b > 4.6 ksi(in.)1/2CAK =C , when AK (12), b p
L -(1 - R)

where n is the number of cyclic loads, C is a lognormal distribution (with
a median equal to 9.4 x 10-12, and a standard deviation of 2.2 x 10-11),
and AK and AKb are the ranges of the applied stress intensity factorsa
in the direction of the crack's depth and its length, respectively. (The

2unit, ksi, stands for kips / inch , where a kip equals a 1000 pound load.)

4.1.5 Loadingsj

| Loadings considered in the fatigue-crack growth calculations consist of:

(1) The internal pressure in the pipe.

(2) The pipe's dead weight.

(3) The thermal expansion load on the pipe resulting from structural
restraints.

21
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~(4) Seismic load.

(5) Transient thermal loads.

Appendixf A contains information about the first four of these loadings.
Transient conditions that lead to transient thermal loads are listed in i

Table 3.

l

For the- transient thermal loads, the heatup and cooldown transients result in
a uniform stress through the pipe wall's thickness, while other transients
produce a thermal gradient stress across the pipe wall thickness. Section 4.2
compares the results obtained by considering only the heatup-cooldown
transient condition with those obtained by considering all transient
conditions.

For seismic loads, the intensity of an earthquake and the rate of occurrence
for earthquakes with that intensity are important. _The probabilities for
seismic loads can be described by the seismic hazard curve (as described in

Section 5.1.5). This curve shows the probability for the occurrence of at
least one earthquake with a normalized peak acceleration, A = a/SSE, larger
than the specified value. A mathematical model of the seismic hazard

llcurve used in the best-estimate analysis for plants east of the Rocky
Mountains is:

P(A > a/SSE) = 2.9 x 10-5(a/SSE)-2.85 (13),

where SSE is the peak acceleration for a safe shutdown earthquake.

4.1.6 Failure Criteria

Failures are defined as being either by a leak or by a DEGB. Elastic-plastic
failure criteria are required for a DEGB, since the austenitic piping steels
are very tough and ductile. Basically, two types of elastic-plastic criteria
can be used:

(1) Exceeding critical values for the J-integral and the tearing modulus.12

(2) Exceeding a critical net cross-sectional stress.

l2A study by Tada shows that cracks will not become unstable in the type of

reactor piping we are analyzing when the first criterion is applied.
Therefore, we used the second criterion as the criterion for a DEGB.

Figure 8 shows the cross-section of a pipe with a circumferential crack, which
is. subjected to an external bending moment, M, and an axial force, N. The
flawed pipe is at the point of incipient failure when the net section in the
cracked plane forms a plastic hinge. An unrestrained plastic flow occurs at a
critical stress level, of, which is defined as being approximately equal
to the average of the yield and the ultimate tensile strengths. The. critical

stress og is usually called the flow stress.

The failure criterion, based on work by Kanninen et al.13, is obtained by
| requiring that an equilibrium exist between the force and the moment of the

cracked pipe. Assuming that the semi-elliptical crack area shown in Fig. 8 is
,

|
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Figure 8. Cross section of a flawed pipe with a circumferential crack
that is subjected to a bending moment and an axial force.

approximately equal to the hollow sector area, 2aR a, we can locate thei
new neutral axis of equilibrium, as follows:

_
[(R ,)2h - (h - a)(R , + [a/2]')2] sin a

Irl (14)=

R h(w - a) + a(h - a)(Rm+ [a/2])m

8 = sin-1(I/R,) (15),

where R = (Ro + R )/2 is the mean radius, and r is the distance fromim
the original neutral axis (I-I line) to the new neutral axis. The critical

moment and force, M and N , respectively, can then be related to the flowo o
stress:

Mb = 2[(Rm) h(2 cos 8 - sin a) + (Rm+ [a/2])2(h - a) sin alof (16),

N = 2(w - a)R hof + 2a [R1 + (h + a)/2] (h - a) of (17).o m .

For the reactor piping being considered here, we assumed that of is
normally distributed, with a mean value of 44.9 ksi and a standard deviation
of 1.9 ksi.

.
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IA pipe instability leading to a DEGB'is assumed when the following condition- -

,

is' satisfied: - l>

q

(+ I N ' 2 > 1
M .

(WNo7
. .

. . This criterion considers only load-controlled loads,. which include the pipe's
Jinternal pressure, its dead weight, and the seismic load. Thermal loads are-

-

, not included because they are classified as displacement-controlled loads, and
contribute only to crack growth.

,.

! 4.'1.7 .Other Inputs

. A leak' threshold of three gallons per minute was used in the. analysis,
reflecting the current practical inst'rumentation capability,' as suggested by

' 'Westinghouse. .Any coolant leakage.abovo this threshold, resulting from a
crack through the wall, is considered as detectable and would be repaired
immediately.

[ 'Inserv' ice-inspections were not included in the analysis,' since this program-
'

v' aries from plant to plant. The significance of our neglecting these
j inspections in this ' study is that we derive higher estimates for the failure

probabilities.

The hydrostatic proof-test pressure is taken as having been 3.106 ksi for:all

,

weld-joint locations,
f

4.1.8 Numerical Simulation Method

j. Because of the complexities involved in treating many parameters as random
14variables, a Monte Carlo technique is used to simulate the entire cracki

i growth history for each weld joint. To increase the accuracy and
computational efficiency- of the Monte Carlo simulations, we used stratified
sampling to select initial sizes for the simulated cracks.' This sampling.

; scheme is particularly powerful for assessing the rates of rare events (i.e.,
less than 10-6 ) because only those crack samples that could lead to a leak
or a DEGB are considered. Even using this powerful scheme, we still chose
from 5000 to 6000 crack samples in the simulation process for_each weld joint.

i
' 4.2 ; Results and Discussion

i

{' Best ~ estimates for the probability of a failure in the RCL piping at each of
the'17 sample plants are presented with respect to possible earthquake
occurrences. During the lifetime of the plant, there are three'possible

I scenarios with regard to an RCL piping failure and earthquakes (as described

in Section 3.5):
,

I
'

. (1) A pipe failure occurs without an earthquake during the plant's lifetime. j

i (2) A pipe failure occurs prior to the first earthquake during the plant's --

I. lifetime.
!

'

(3) A pipe failure and the-first earthquake during the plant's lifetime occur
simultaneously.

E 24 i
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W L A' test runj which considered all the design transients of the'Model D steam
generator '(see' Table 3), was first conducted to obtain a comparison with the

,

results considering.only heatup/cooldown transients. The comparison indicated
,

'that transient conditions other than heatup/cooldown conditions contributed
very little- (at most,10%) to the results for the probability of'a failure at

,

each weld. This finding confirmed the conclusion reached in the. Zion Unit 1
' ''

(steam generator Model 51) ~ study. Therefore, all~the results presented in
" thisistudy are for the heatup/cooldown transients only.

'

' Table 5 presents the best estimates of the cumulative probabilities for a leak
'

' occurring at - the end of a 40-year plant life for the HCL piping at each of the
17 sample plants. It is interesting to note-that the estimated leak
probabilities for scenarios (1) and (2) are on the order of 10-6 to 10-7,

:

s

; Table 5. Results of a' best-estimate analysis for deriving cumulative
i probabilities for a leak, at the end of the 40-year plant life, for the

| RCL' piping of the Westinghouse plants east of the Rocky Mountains.

'

P (leak )

Sample No Prior to ist Simultaneous,

plant earthquake earthquake with earthquake Combined

~

1 2.4 x 10~ 2.6 x 10 6.5 x 10 5.0 x 10
~

2 2.1 x 10~ 2.4 x 10~ 3.4-x 10~ '

4.5 x 10

3 4.5 x 10" 4.9 x 10 5.5 x 10 9.4 x 10";

4 1.9 x 10~ 2.0 x 10~ 2.6 x 10" 3.9 x 10"

| 5 2.9 x 10 3.1 x 10" 3.1 x 10 6.0 x 10
~ ~

-6 -0~ ~

: 6 2.1 x 10 2.3 x 10 6.3 x 10 4.4 x 10

- 7 2.5 x 10~ 2.7 x 10~ 5.1 x 10" 5.2 x 10"
-6 -6 ~

i 8 2.1 x 10 2.2 x 10 8.6 x 10 4.3 x 10"
9 1.0 x 10~ ~1.1 x 10~ 3.7 x 10~ 2.1 x 10

' *

-7 -1210 3.5 x 10~ 3.7 x 10 9.8 x 10 7.2 x 10"
11 2.7 x 10~ 2.9 x 10~ 2.4 x 10~ 5.6 x 10~

~

12' l.4 x 10~ 1.5 x 10~ 2.8 x 10~ 2.9 x 10
~ ~

13 1.6 x 10 1.7 x 10~ 1.8 x 10 3.3 x 10

i 14' 2.3 x 10 2.4 x 10~ 1.4 x 10'' 4.7 x 10~-6

-615 1.8 x 10 1.9 x 10 7.0 x 10~ 3.7 x 10
~ ~

-6 -6 -0 ~

16 2.9 x 10 3.1 x 10 6.7 x 10 6.0 x 10
'

-6' -6
-

-0-17 1.3 x 10 l.4 x 10 1.9 10 2.7 x 10"'- '

25'
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that the leak probability for event (3) is several orders of magnitude lower;
on the order of 10-9 to 10-12 This implies that the simultaneous
occurrence of a pipe leak and the first earthquake is much less likely than a
pipe leak with no earthqupkes during the plant's lifetime, or a pipe leak
prior to the first earthquake. Therefore, the estimated cumulative
probability for leaks due to all three scenarios is approximately equal to the
estimated cumulative probability for only scenarios one and two. The estimated

cumulative probability for a leak at the end of a 40-year plant lifeg for the
RCL piping in our sample plants, ranges from 5.0 x 10-7 to 6.0 x 10 .

It is a common practice to express a probability of failure as a rate per
plant year, even though the probabilities vary from year to year. We neglected
such variations, and approximated the probability of a leak per plant year by
averaging the cumulative probability that a leak will occur at the end of
plant's life. Figure 9 shows an empirical cumulative distribution for the

'

probability of a leak per plant year for the sample plants. The
99th-percentile, P .99, for the probability of a leak in the RCL (using a0
best-estimate analysis) is thus estimated as being 1.6 x 10-7 per plant year
for all Westinghouse plants east of the Rocky Mountains. In other words, it

can be inferred that 99% of the Westinghouse PWR plants east of the Rocky
Mountains have a probability, that an RCL piping leak will occur, of less than

1.6 x 10- per plant year.

Table 6 presents, for the RCL piping at each sample plant, the cumulative
probabilities that a DEGB will have occurred at the end of the 40-year plant

life. We found that the DEGB probabilities for the three scenarios involving

earthquake roles resembled those found for the leak probabilities. The
t a DEGB will occur for the first and second

cumulativeprobabilitythp1,whereastheprobabilitythatthethirdscenarios is 10-10 to 10-
scenario will happen ranges from 10-12 to 10-15 It appears that if a
DEGB failure occurs in the RCL piping, it will result from loadings other than
those caused by earthquakes. For example, the contribution from earthquakes
at sample plant 14 to the probability of a DEGB in the RCL piping is merely
0.84% of the contribution from other loadings.

This sheds some light on the role that earthquakes play in DEGB failure in the
RCL piping. Most importantly, we found that the cumulative probabilities for
a DEGB from all three scenarios at our sample plants are on the order of
10-10 to 10-11, which are extremely low values. From the probabilistic
point of view, this simply says that a DEGB failure in the RCL piping is a,

very unlikely event.

The cumulative DEGB probability can also be expressed in terms of an average
DEGB probability per plant year. Figure 10 shows the empirical cumulative
distribution for the probability of a DEGB per plant year for the sample

plants. Following the procedure described earlier, for all Westinghouse
plants east of the Rocky Mountains, we estimate that the 99th-percentile,

P0.99, for the probability of an RCL piping DEGB (using a best-estimate
analysis) is 6.8 x 10-12 per plant year. Or, it can be stated that 99% of
the Westinghouse PWR plants east of the Rocky Mountains have a probability for
a DEGB failure in the RCL piping of less than 6.8 x 10-12 per plant year.

!
|
|
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Table 6. . Results of a best-estimate analysis for deriving cumulative

.
probabilities for a DEGB, at the end of the 40 year plant life, for the

-

FCL piping.in the Westinghouse plants east of the Rocky Mountains.

P(DEGB)

Sample No Prior to lst Simultaneous
plant. earthquake earthquake with earthquake Combined

-11 ~

1 1. 6 x 10 2.8 x 10" 7.6 x 10 4.4 x 10

2 8.6 x 10"I 9.3 x 10" 3.0 x 10 1.8 x 10
~ ~

~11 ~11
3 5.0 x 10 5.4 x 10 7.4 x 10 1.0 x 10'

~

4

~

4 9.4 x 10~ 1.0 x 10 4.7 x 10" '1.9 x 10
~

-11 ~1
5 7.8 x 10 .8.4 x 10 1.2 x 10 1.6 x 10"

~

6 0.7 x 10' 9.4 x 10~ 1.1 x 10~ 1.8 x 10"
-10 ~

7 1.1 x 10 1. 2 x 10~ 1.6 x 10~ 2.3 x 10

-0 ~

8 1.0 x 10 1.1 10 1.4 x 10~ 2.1 x 10
~

-11 ~1
9 4.7 x 10 5.0 x 10~ 2.1 x 10 9.7 x 10

~

10 5.2 x 10~ 5.6 x 10 4.1 x 10"
'

1.1 x 10
~

-11 -10 -14 ~

11 9.3 x 10 1.0 x 10 8.8 x 10 1.9 x 10
-10 ~ ~

12 1.1 x 10 1.1 10~ 2.4 x 10 2.2 x 10,.

~11 ~ ~

13 5.5 x 10 5.9 x 10~ 1.2 x 10 1.1 x 10
-10 -10

14 1.2 x 10 1. 3 x 10 2.1 x 10~ 2.5 x 10~
~11 ~11 -14

15 6.9 x 10 7.5 x 10 1.8 x 10 1.4 x 10~
~11 ~1 ~ ~

16 8.8 x 10 9.4 x 10 4.9 x 10 l~.8 x 10
~11 ~11 ~ ~

17 6.1 x 10 6.5 x 10 1.5 x 10 1.3 x 10

4

a

b
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'5. THE UNCERTAINTY ANALYSIS-

Our uncertainty analysis estimates the bounds or limits reflecting the
uncertainties in the failure probability calculations, due to some of the
-input parameters being based on limited data, or on individual judgments,
rather than on their being precisely known. This type of uncertainty is
usually referred to as modeling uncertainty. From a sensitivity study,6 and-
a review of.all the' input parameters, we deoided to focus on five parameters
in the uncertainty analysis.

In the following sections we discuss the details of these parameters, describe.

how the simulation process was carried out with uncertain parameters, and then
present our results and a discussion of the uncertainty analysis.

~

5.1- Parameters That Have Modeling Uncertainties

Five parameters have significant'modeling uncertainties: the initial depth
distribution of cracks, t?9 initial distribution for the aspect-ratios of the
cracks, the thermal expansion loads, the seismic load, and the seismic hazard
curve.

'
5.1.1 The Depth Distribution of Initial Cracks

Figure 11 shows various complementary cumulative distributions for the depths
of the initial cracks. Amo
theestimatesmadebyLynn,ggthese,theMarshalldistributionfallswithinand is generally within an order of magnitude
of Becher's and Hansen's lognormal fit.16 The Wilson 17 distribution
bo > 2 inches falls well below all the others. This is at least partly
due to its exclusion of cracks with initial half-surface lengths of less than
two inches. This led us to place emphasis on Marshall's, rather than Wilson's
distribution. An exponential function that describes the Marshall
distribution shown in Fig. 11 is:

P ( > a) = exp (-a/p) (19)a ,

.

where p = 0.246 inch is the mean crack depth.

; Using Marshall's model for the distribution of crack depths, we selected an
upper bound with p = 0.33 inch, to cover all tic Jistributions we have
d iscussed .15,16 For the lower bound, we tu k conservative approach and

'

selected y = 0.2 inch to discount distr'39 ' c, such as those of Wilson, and
of Becher and Hansen. We believe thaf t s..( 1ertainty bounds represent a<

reasonable agreement between Marshall'a tin a: g. and Lynn's estimates. Af ter
defining these uncertainty bounds, we also assumod that the reciprocal of ,

a = 1/p, is a triangular random variable with a range of from 3 to 5 inch .

1Some modifications were made to Eq. (19) to eliminate the physical
impossibility of.having a crack depth that exceeds the thickness of the pipe's

. wall. This was accomplished by renormalizing the density function, Pa (a) =
' exp (-a/p)/py, which leads to the following complementary cumulat2ce

distribution of crack depth:6

| y , exp(-a/p) - exp (-h/pl (20).p ,

|. a 1 - exp(-h/p)-

|'

i-
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1

15.1.2' The Aspect-Ratio Distribution of' Initial Cracks.
s
Information about the aspect-ratio ' distribution for ' initial cracks is scarce.
Based on~ our. field ' experience,- cracks seldom have an aspect ratio less than

." that for a semicircle (8 = 1). We therefore assumed that a truncated
lognormal function (8~> 1) could be used for the aspect-ratio distribution.

- of the initial . cracks. - This distribution has the following form:6.

,
_

0, when-8 < 1

Pg ( 8 ) = 4
, ,

(21)-2.C

-| In _ 3[g
8 |/ 2A 2 ,.when 8 > 1exp

-18(2w)l/2 _( gj"
g

where Cg, A, and 8 are parameters of the distribution function.m
They can be determined by:

.

.
'

Pg(x)dx,= 1 (22)
1

.

Pg(x)dx = p (23)
5

Sm e xp(-A2) =1 (24).

Equation (24) defines the mode of the lognormal distribution at 8 = l.'
Physically, p is that fraction of the crack population with an aspect ratio.
8 greater than five.

The uncertainty analysis associated with this distribution was done by
treating the median of the cracks' aspect ratios, S , as a lognormalm
random variable with a median of 0.29 and a coefficient of variation equal to
0.086, derived from the input: S = 1.336 and 1.158'for the 50th and 5thm .

percentiles, respectively. Figure 12 shows three cumulative marginal
distribution curves, corresponding to the 99.9th- (p = 10-1), 50th- (p = 10-2),
and 5th- (p = 10-4) percentiles forfthe distribution of the 8 values 1.736,

. m
1.336, and 1.158, respectively. (Note that the 50th percentile curve [8m = 1.336,
A = 0.5382, Cg = 1.419] was used for the aspect-ratio distribution of initial -

, cracks in the best-estimata analysis of Section 4. )

5.1.3 Thermal Expansion Loads

The calculation'of loads,resulting from thermal expansion is straightforward.
However, it was judged that the design thermal expansion loads are usually
greater than the true values. We did not, however, rule out the possibility
that-the converse could be.true. Therefore, we assumed tnat the thermal
expansion-load is a lognormal random variable to-reflect its uncertainty under
two conditions:

(1)[ The median value is 80%.of the design load.

(2) . ' There is only a 10% probability that the true thermal expansion load
excee'ds the calculated-load.
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Figure 12. Uncertainty bounds for the cumulative marginal distributions
of crack aspect ratios.

These conditions yield a value of 0.1547 for the coefficient of variation.
(Note that, in our best-estimate analysis in Section 4, the thermal expansion
loads at each weld joint were treated as being constant and equal to' the
median value.)

5.1.4 Seismic Loads

The calculation of seismic loads involves free-field ground motion,
soil-structure interaction, and in-structure response. Because of the
calculational complexities, simplified methods of analysis (which incorporate
conservative assumptions) are used for design purposes. In the probabilistic

approach, however, realirtic inputs are desirable so that the result will
reflect reality.

In the data package provided by Westinghouse, a design analysis approach was
used to derive the seismic desigr. loads. Ideally, these data and the
assumptions used in the analyses should be studied on a plant-by-plant basis.

.

Specific factors of conservatism for each plant would then be identified and
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applied to the seismic design loads to obtain the real seismic loads. This
approach was not.possible for us because of a lack of detailed data and time
constraints. Instead, we chose one plant (Zion Unit 1) for which detailed
information is available, for the comparison between design load and realistic
load.

One common aspect of the seismic data package for most plants is that
response-spectrum methods were used in the design analyses. We tried to
estimate the degree of conservatism involved in the response-spectrum method.
Two studies were conducted to identify the conservatism factor at Zion Unit 1.

In the first study, thirty multiply-supported time-history analyses were
performed. The' Seismic Methodology Analysis Chain with Statistics (SMACS)
methodology, developed for the Seismic Safety Margins Research Program
(SSMRP) , was used.18 The input for each time history analysis was a set of
three synthetic ground acceleration records with their spectra enveloping the
design spectra given in Regulatory Guide 1.60.19 The response of the RCL
piping was obtained by taking the median value of the responses from the 30
analyses.

In the second study, we used the response-spectrum analysis method. 20,21
From the 30 seismic time-history records used in the first study, we selected
three at random. From these time histories, we generated three sets of
response spectra at the RCL piping support locations. The procedure followed
for combining and smoothing the floor-response spectra (with peaks broadened
+15%) was in accordance with Regulatory Guide 1.122,22 to obtain the floor
design-response spectra at those support locations. Applying each of three
sets of design-response spectra to the RCL piping supports gave the
corresponding RCL piping responses. Their average response was taken as the
result of our response spectrum analysis.

Stress results for both the response-spectrum and time-history analyses are
shown in Fig. 13 for each weld joint in the Zion Unit 1 4-loop RCL piping.
Comparing the two analytical methods indicates that the response-spectrum
aalysis is the more conservative. The conservatism factor was defined as the
ratio of the response-spectrum stress results to the time-history stress

results, and was calculated for each weld joint and loop. By assuming a
lognormal distribution for these factors, so as to reflect their
uncertainties, we obtained a median value of 7.76 and a coefficient of
variation of 0.362. The distribution of the conservatism factors for the
seismic design loads in the Zion Unit 1 study was assumed to be applicable to,

| the RCL piping of other plants. We did this to reduce the conservatism
incorporated in the design practice. (Note that the median value for the
conservatism factor was used to convert the design seismic load to the
realistic load in our best-estimate analysis of Section 4.)

5.1.5 Generic Seismic Hazard Curves

Since the seismic hazard curve gives an annual probability for the occurrence
of earthquakes with various peak ground accelerations, the curve is site
dependent. For a given site, the curve is derived by combining recorded data,
the estimated magnitudes of historic seismic events, a review of local

geological studies, and opinion surveys of seismologists and geologists
familiar with the region.

33



12
, ; ; ; ;ii ; ; ; i [ | |

|

,e - fc.N - l
80 _

Response spectrum analysis '**..**N.N -
I-

.,* N . N
'

6.0 - ..*.N.N,g -

N
.,*

N . N
N

. . . * .. .N
4.0 - :

* I. . p: ..
,

:N. .f
-

..
- .

\.\- .8
.

.
*

.c .
.....- 2.o s

a .N \
h g M-*

.,

p.N*%,
_

.9 Y /
*

5
*

.= %'.

,f:#*
*

j 1.0 -

. i .
.,

-|5| ***
*0.8 - .. . - -

. %.% g -

.

//:s- .
.

0.6 - ,/g,./
.
.

.
.,

, ,

.$.i ' . %.g%
.

. - .-
.

.

*\%0.4 - ,./. i
*

.

.\......s .......

N. k .Fi Time history analysis
**

*
. .

! V*

.
.
.
* **
. i Legend'

0.2 -
* '
..j Loop 1 -

.

**
Loo p 2 . . . . . . . . . . .,

Loop 3 - - -
Loop 4 -.-.-

I I I I III I I I I I I I0.1
1 2 3 4 5 678 9 10 11 12 13 14 15 16

Weld joint number

! Figure 13. A comparison of seismic stresses between the
j response-spectrum and time-history analyses for weld joints
! in the RCL piping of the Zion Unit 1 plant.

!

|

|

34

-. .



.
i

In our study, however, the s'ite-specific eeismic hazard information for all
the sample plants is not available. To be practical, we used the generic
seismic curves to represent all of the plant sites east of the Rocky
Mountains. The procedures used in deriving the curves are given in Vol. 4 of

Jthis report series.10 - Figure 14 shows a median generic seismic hazard |

; curve, and the corresponding 90th- and loth-percentile curves. The peak ,

'

ground acceleration, a, was normalized with respect to the acceleration of a
safe shutdown earthquake (SSE).

To account-for the uncertainty associated with the generic seismic hazard
curves, we first assumed that these curves can be mathematically expressed by:

P(A > a/SSE) = a (a/SSE) ~8 (25),

where P(A > a/SSE) represents the annual probability of having an earthquake
with an intensity, A, larger that a/SSE, and where a and S are parameters
used for curve fitting.

The values of P(A > a/SSE) at values of a equal to 0.6 and 4 SSE were
treated as lognormal random variables. Using the 10th , 50th , and
90th-percentile curves shown in Fig. 14, we obtained the parameters required
for defining the lognormal distribution at a = 0.6 SSE and 4 SSE, as presented
in Table 7.
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Figure 14. Generic seismic hazard curves for plants east of the
Rocky Mountains.

35

t



y, . .. .- . . . - . . - -

,

'
~

*

. . .

'

4~

Table 7. Parameters. for describing the distribution of P(A > a/SSE) .

Y 1

' Parameter a = 0.6 SSE a = 4 SSE4

.

[ Median of Pa 1.5 x 10-4 9.4 x 10-7
,

- Standard deviation forLln P' l.013 1.838

,

With P values randomly selected at a = 0.6 SSE and 4 SSE, we determined the
associated parameters, a and 8, used in Eq. (25). By using this method,
we formulated a family of generic seismic hazard curves for the uncertainty

; analysis. (Note that we used the 50th-percentile curve in Fig.14 as the
seismic hazard input for our best-estimate analysis.)

3

5.2 Selecting Samples for the Uncertainty Analysis'

p In Section 5.1, we described the distributions of five parameters having
uncertainties. This section describes how to create the samples by selecting

* ~ these parameters from their distributions for the uncertainty analysis. We,

i used a Latin hypercube sampling technique, with the following basic
procedures:20'

(1) Divide each random parameter into N equal-probability intervals.4

(2) For each random parameter, randomly celect a value within each interval,
i

; (3) Arrange N combinations of five parameters with uncertainties. For each

! combination, an interval was randomly selected, without replacement, from
the N equal-probability intervals for each parameter.

The N combinations are a sample of N equal-probability points in the
; 5-dimensional space of values for the uncertain parameters. In our study, we

chose N as equal to 17 (an arbitrary value which, by coincidence, also equals
the number of sample plants) .,

4

Ideally, this sampling technique should be applied to assess the uncertainty
bounds of failure probability for each sample plant. An examination of the
DEGB probability results (Table 6) obtained by the best-estimate analysis

,

revggls that the DEGB probabilities ' lie 'in a narrow range -(from 10-10 to
I 10- ). This finding hints that the uncertainty; bounds may have similar )
! characteristics for all the sample plants. This conjecture was verified by .

conducting two uncertainty analyses, (for the plants having the lowest and the |,

highest DEGB probabilities, respectively, as defined by the best-estimate
''

l i l ).ana ys s resa ts . In other words, any sample plant can be used as a
representative plant for estimating the relative uncertainty bounds for - the

,

; DEGB probabilities at the other sample plants.' We' selected the representative
i plant-with the: highest probability estimate for the occurrence of a DEGB

.(sample plant 14), as determined by the best-estimate analysis. In

Section 5.3, we present the uncertainty analysis results for this plant..
These results are then extended to estimate the uncertainty bounds for the

-

*
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Table 8. Pesults of the uncertainty analysis for deriving cumulative
probabilities of a_ leak, at the end of the 40-year plant life,

,

in the RCL piping of the sample plant with the highest
probability for a DEGB.

P(leak)

Sample No Prior to 1st Simultaneous
pointa earthquake earthquake -with earthquake combined

1 4.4 x 10" 4.0 x 10 5.8 x 10 4.5 x 10~
~ ~

-10 ~~

2 1.2 x 10" 3.8 x 10 5.4 x 10 5.0 x 10
-6 -8

3 8.7 x 10 1.6 x.10~ 2.5 x 10 2.5 x 10
-6

4 3.4 x 10~ 2.8 x 10 1.4 10" 3.1 x 10~
-8

5 8.2 x 10 9.7 x 10" 5.5 x 10 1.1 x 10
~7 -6 ~9 -6

6 2.8 x 10 1,4 x 10 7.1 x 10 1.7 x 10
-10-7 ~

7 6.5 x 10 8.2 x 10 5.0 x 10 1.5 x 10
-7 -6 ~9 -68 7.3'x 10 1.8 x 10 4.1 x 10 2.5 x 10
-139 3.6 x 10 4. 3 x 10 2.3 x 10~ 4. 5 x 10

-6-610 2.8 x 10~ 2.0 x 10 1.4 10 2.0 x 10
~

-6 ~~

11 4.1 x 10 2.3 x 10 7.3 x 10 2.7 x 10
-8 -6 -8 -612 1.2 x 10 1.1 x 10 1.4 x 10 1.1 x 10

13 1. 7 x 10~ 1.1 x 10 6.2 x 10~ 1.3 x 10
~

-6 -614 1.4 x 10 4.1 10 9.8 x 10 5.5 x 10~
-6 -615 1.6 x 10 8.0 x 10 7.9 x 10~ 9.7 x 10
-13 -6 -8 -616 1.9 x 10 5.1 x 10 3.6 x 10 5.1 x 10
-6 -617 1.1 x 10 3.2 x 10 9.8 x 10 4.3 x 10~

"
Refers to the sample number, as designated in the Latin hypercube sampling

technique.r

probability of a failure in the RCL piping for all of the Westinghouse plants
east of the Rocky Mountains.

,

|

5.3 Results and Discussion

. Using the criteria just outlined, sample plant 14 was selected (see Table 6).

i Table 8 presents the results for the cumulative probability (calculated by
| using the 17 sample points of plant 14's uncertainty analysis) that a leak

will occur at the end of the plant's 40 year life. Note that the spread of
the combined cumulative leak probabilities is very narrow, ranging from 10-5
to 10~7 This implies that the leak probability estimates are not sensitive
to the uncertainty bounds of the five parameters.
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-Table 9. Results of the uncertainty analysis for deriving cumulative
probabilities for a DEGB, at the end of the 40 year plant life, for the |

'

RCL piping of the sample plant with the highest probability for a DEGB.

P(DEGB)

Sample No Prior to ist Simultaneous
point earthquake earthquake with earthquake Combineda

- -10 -10
1 4.8 x 10 ' 4.8 x 10 1.7 x 10 7.0 x 10

-14 -14 -16
2 1. 6 x 10 5.8 x 10 9.9 x 10 7.5 x 10-

-10 -10 -12 -0
3 2.0 x 10 3.8 x 10 7.4 x 10 5.9 x 10

-15 -14 -15 -10
4 4.6 x 10 3.5 x 10 5.9 x 10 4.5 x 10

-11 -9 -10
5 8.2 x 10 1.1 x 10 1.1 x 10 1.3 x 10

-12 -11 -12 -11
6 2. 7 x 10 1.5 x 10 1.5 x 10 1.9 x 10

-10 -10 -12
7 4.3 x 10 5.6 x 10 9.8 x 10 1.0 x 10-

-12 -12 -13 -12
8 1.9 x 10 5.0 x 10 5.0 x 10 7.4 x 10

-18 -11 -14 -l1
9 1.6 x 10 2.7 x 10 7.7 x 10 2.7 x 10

-19 -16 -17
10 2. 5 x 10 2.9 x 10 1.2 x 10 3.0 x 10

-9 -9 -10
11 1.0 x 10 6.6 x 10 3.9 x 10 8.0 x 10

-13 -U -12
12 7.6 x 10 8.0 x 10 9.2 x 10 1.4 x 10-

-9 -9 -10
13 1.2 x 10 9.2 x 10 8.1 x 10 1.1 x 10

-10 -9 -U -

14 4. 7 x 10 1.5 x 10 6.9 x 10 2.0 x 10

-13 -12 -12
15 9.9 x 10 5.7 x 10 2.2 x 10 8.9 x 10

-17 -10 -10 1.1 x 10-916 2.2 x 10 9.4 x iO 1.7 x 10

-10 -10 -11 -10
17 1.5 x 10 5.2 x 10 3.1 x 10 7.0 x 10

Refers to the sample number, as designated in the Latin hypercube samplinga

technique.

Table 9 presents the cumulative probability that a DEGB will occur at sample
plant 14. The combined cumulative DEGB probabilities at the end of the
40 year plant life show wide variations, from 10-8 to 10-16, among the 17
sample points. This finding reveals that the uncertain parameters are more
sensitive to the probabilit} that a DEGB will occur than they are to the
probability that a leak will occur.

The average probability for a f ailure per plant year can be obtained by
averaging the cumulative probabilities for a failure at the end of the plant's
life. For sample plant 14, Figs. 15 and 16 show the empirical cumulative
distributions for the leak and DEGB probabilities, respectively, per plant
year. The 10th , 50th , and 90th percentiles for both empirical cumulative
distributions are presented in Table 10.
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4

4

:Since sample plant 14 represents the plant with the highest probability for
the occurrence of a DEGB, it is reasonable to assume that the 90th percentiles
Jof its. failure probabilities are the greatest for all the plants. The
90th-percentile failure probability for plant 14 can therefore be considered ,

as the. upper bound for all the sample plants. |

Considering the upper bounds for failure probabilities in the uncertainty
analysis, and treating the 17 sample plants as being representative of all of
the Westinghouse plants east of the Rocky Mountains, we conclude the following

(1) We are 90% confident that each Westinghouse plant east of the Rocky
Mountains has a probability of a leak in the RCL piping of less than
2.4 x 10~7 per plant year.

(2) We are 90% confident that each Westinghouse plant east of the Rocky'

Mountains has a probability that a DEGB will occur in the RCL piping of
less than 7.5 x 10-11 per plant year.

( 3) Differences of at least three orders of magnitude between the leak and
DEGB probabilities support the " leak before break" hypothesis for the RCL
piping in the Westinghouse plants east of the Rocky Mountains.

i

Table 10. The 10th , 50th , and 90th percentiles of the

empirical failure probabilities for the sample planti

with the highest probability for a DEGB.
4

L

Percentile

*

10th 50th 90th

P(leak) 1.4 x 10-8 6.0 x 10-8 2.4 x 10-7

f P(DEGB) <l.0 x 16~ 1.0 x 10-11 7.5 x 10-11
:

i
.

t

4

|

,

i
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6. . CONCLUSIONS AND RECOMMENDATIONS

Failure probabilities, estimated by using best-estimate and uncertainty
analyses, have been presented for the RCL piping of Westinghouse PWR plants
cast of the Rocky Mountains. In the best-estimate analysis, point estimates
of the probabilities for an RCL piping failure in each of 17 sample plants
(representing 33 reactor units at 19 plant sites) were obtained. For those
plants the estimated probabilities for an RCL piping leak ranged from 10-8
to 10~g per plant year. The estimated probabilities for a direct DEGB in
the RCL piping were estimated as being about 10-12 per plant year. In the
uncertainty analysis, the uncertainty bounds for the 90th-percentiles of the
probabilities for a' leak and a direct DEGB were established as being
2.4 x 10~7 and 7.5 x 10~11 respectively, per plant year. Based on the
results of both analyses, we concludes

(1) A direct DEGB is a very unlikely event for the RCL piping of the
Westinghouse PWR plants east of the Rocky Mountains.',

(2) Earthquakes contribute very little (at most about 1%) to the probability
! for a direct DEGB in the RCL piping of the Westinghouse PWR plants east

of the Rocky Mountains.

(3) The difference of at least three orders of n.agnitude between the
probabilities for a leak or a DEGB suggests that a leak. failure is more
likely than a direct DEGB failure in the RCL piping of the Westinghouse
PWR plants east of the Rocky Mountains.

These conclusions lead us to the following considerations about the design
criteria for RCL piping in the West _nghouse PWR plants east of the Rocky
Mountains:

(1) The design requirements for simultaneous DEGB and SSE loads (as related
'

to the crack growth mechanism in the RCL piping) should be reconsidered,
since the probabilities for the occurrence of these events are extremely
low.

(2) Design requirements for postulating failure modes related to the crack
growth mechanism in the RCL piping should be focused on the " leak" mode
rather than the "DEGB" mode.

;

i

I

l,

!
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APPENDIX A. GEOMETRIC AND LOADING INFORMATION FOR THE CIRCUMFERENTIAL
WELD JOINTS IN THE RCL PIPING OF 17 SAMPLE PLANTS

Information about the geometries and loadings 'of the circumferential weld
. joints of the RCL piping in each of the 17 sample plants of this study is
tabulated in this Appendix (Tables A-1 through A-17) . The geometric1

information includes the pipe's' inner radius and thickness, its
cross-sectional area, and its sectional modulus. Loading information includes
the loads from dead weight, the thermal expansion and pipe internal pressure
loads, and the seismic loads. The abbreviations used in the tables are
defined as follows:

AF Axial force in thousand pounds (kip).

BM Bending moment (in.-kip) acting on the plane perpendicular
to the pipe axial axis.

KIP Thousand pounds of load.

KSI Kips per square inch.

OBE Operating basis earthquake.

OP Operating

2PEAK G Acceleration (in g, where 9 = 386.4 in./s ) in the
horizontal plane.

SIG Axial stress (a , in kai) calculated from the axial force and
bending moment.

SSE Safe shutdown earthquake.

t 45

|

/

-



I

Table A-1. Geometry and loadings for sample plant 1.

PLANT I GCOMETRY

WELD INNER RA01US THICKNESS AREA SECTION MOD
tINCHESI tINCHES) TIN **2) TIN **31

1 14.50 2.80 27J.73 2%57.46
2 14.50 2.80 279.73 2457.46
3 1%.50 2.80 279.73 2457.46
4 1%.50 2.80 279.73 2957.46

5 15.50 3.38 364.47 3506.69

6 15.50 3.31 357.07 3421.92

7 15.50 3.00 320.4% 30lo.6L

8 15.50 3.00 320.4% 3010.61
9 15.50 3.00 320.9% 3010.61

10 15.50 3.00 320.9% 3010.61
11 15.50 3.31 357.07 3921.92

12 13.75 2.70 256.17 2140.92
13 13.75 2.70 256.17 2l40.92

1% 13.75 2.70 256.17 2190.92
15 13.75 2.70 256.17 2140.92
16 13.75 3.03 290.62 2986.78

PL ANT I LOADINGS

WELO * * * * DE ADWE I GH T LOAD * * * * * * * * * * * T HE RM AL LO AD * * * * * * OP PRESSURE

AF iK IPS) OMilN-KI SIGtKSil ArtkiPSI DMilN-KI StGtKSli ikSil

1 12. 534. .26 -6. 24087. 9.78 2.2%
2 0. O. 0.00 0. O. 0.00 2.29
3 0. O. 0.00 0. O. 0.00 2.29

4 4. 109. .09 -6. 6272. 2.53 2.24

5 10. 194 .07 -150. 14056. 3.60 2.2%
b 26. 213. .14 -38. 2931. .75 2.18

7 22. 119. .11 ~42. 2772. .79 2.18

8 15. 101. .08 -%2. 2905. .83 2.18

9 4 370. .14 -2 1320. .43 2.18

10 7. 224. .10 -2. 3191. 1.05 2.18

il 19. 366. .16 91. 54%6. l.71 2.18

12 7. 23. .0% 9. 4779. 2.27 2.28

13 0. O. 0.00 0. O. 0.00 2.28

19 0. O. 0.00 0. O. 0.00 2.28

15 6. 81. .06 9. 3629. l.73 P.28

16 9. 23. .04 8. SI19 2,08 2.28

WI L D *********** 000 LOAD *********** ***********SSELOAD***********
PEAK 0 ArtkiPSn DMilN-KI SIGtkSil PEAK G AF(KIPSI DMilN-KI SIGtkSil

I .06 30. 3 34 .2% .12 60. 608. 49

2 .06 0. O. 0.00 .12 0. O. 0.00

3 .06 0. O. 0.00 .12 0. O. 0.00

4 .06 30. 150. .17 .12 60. 316. .3%

5 .06 L'9 . 389. .19 .12 50. 778. .38
6 .06 5. 991. .16 .12 10 9H2. .31
7 .06 6. 131 .13 .12 12. 662. .26
8 ,06 9. 179. .09 .12 10. 348. .17
9 .06 7. 203. .09 .12 l%. 906. .18

10 .06 5. 170. .07 .12 10. 356. .15
11 .06 6. 520. .17 .l2 12. 1040. .34
12 .06 15. 686. .38 .12 .4 0 . 1372. .76
II .06 0. O. 0.00 .12 0. O. 0.00

14 .06 0. D. 0.00 .12 0. O. 0.00

15 .06 16, 20%. .16 .12 32. 408. .32
16 .06 15. 469. .2% .32 30. 9 50. .%8
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Table A-2. Geometry and loadings for sample plant 2.

PLANT 2 GEOMETRY

WE.D INNER RADlVS THICKNESS AREA SECTION MOD
tINCHESI tINCHESI (nN'*21 (IN**3)

- t 19.50 -2.95 292.07 2076.58
2 19.50 2.95 292.07 2076.50
3 19.50 2.45 292.07 2076.50
4 14.50 2.95 292.07 2076.58
5 15.50 3.30 369.97 3506.69
6 15.50 3.31 357.07 3921.92
7 15.50 2.60 279.95 2513.69
8 15.50 2.60 279.45 2513.69
9 15.50 2.60 274.95 2513.69

10 15.50 2.60 279.95 2513.69
11 15.00 3.19 392.69 3258.22
12 13.75 2.32 217.39 1767.62
13 13.75 2.32 217.39 1767.62
19 13.75 2.32 217.39 1767.62
IS 13.75 2.32 217.34 1767.62
16 13.75 3.03 290.62 2986.78

PLANT 2 LOADINGS

WF L D * * * * OE ADWE I GH T L OAD * * * * * ****** T HE RM AL LOAD ****** OP PRLSSUHE
AftKlPSI DMt!N-K) SIGtKSil AF ( K I PS I OMilN-Ki SIGtKSil IKSID

I 0. O. 0.00 -15. 21955. 10.27 2.29
2 0. O. 0.00 0. O. 0.00 2.29
3 0. O. 0.00 0. O. 0.00 2.29
9 0. O. 0.00 -15, 9518. 4.52 2.29
5 O. O. 0.00 -200. 17855. 4.59 2.29
6 0. O. 0.00 -90. 1950. 46 2.19
7 0. O. 0.00 -50. 1755. .52 2.lH
8 0. O. 0.00 -50. 2090. .65 2.lu
9 0. O. 0.00 -5. 1922. .55 2.10

10 0. D. 0.00 -5. 1832. .71 2.10
11 0. O. 0.00 30. 4968. 1.90 2.I8
12 0. O. 0.00 15. 18029. 6.31 2.29
13 0. D. 0.00 0. O. 0.00 2.20
19 0. O. 0.00 0. O. 0.00 2.20
15 0. O. 0.00 11 9579. 5.99 2.20
16 0. O. 0.00 10. 11930 9.63 2.28

Wt L O * * * * * * * * * * * OHE L O A D * * * * * * * * * * * *********** E LOAD ***********
PEAK G Af(K! PSI UMilN kl SIGtkSil PEAK G ArtKIFL UMilN-KI $?GiK$11

I .09 259. SbH7. 3.01 .10 390. 6659. 6 92
2 .09 0. O. 0.00 .10 0. O. r' 00
1 .09 0. O. 0.00 .50 0. '. ) 0.00
9 .09 259. 7153. 4.99 .18 3H9. 0393. 5.60
5 .09 250. 10919. 3.00 .18 36 0. I316H. i* 79.

6 .09 80. 5676. l.91 .10 125. 9500. 3.13
1 .09 HO. 9739. 2,21 .la 126. 7619. 3.49
H .09 H7 3905, l.H1 .la 125. - 5302. 2.56
9 .09 107. 3958. l.96 .lP 202. 6913. 3.29

10 .09 105. 6367. 2.9J .la 200. 8053. 3.93
11 .09 I22. 11005. 3.40 .lH 191. 120l7. 4 Jo
12 .09 527. 12639 9.57 .lO 979. I s't46. 9. M
II .09 0. O. 0.00 .lO 0. O. 0.00
14 .09 0. O. 0.00 .48 0. O. 0.00
15 .09 599. 6H50. 6.90 .lH 909. 6657. 5.99
16 .09 599. 0 %b . 5.25 .lH 9HS. 0392. 5.02
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Table A-3. Geometry and loadings for sample plant 3.

PLANT 3 GEOMETRY

WELO I NNE R R AD I US THICKNESS AREA SECilON MOD
tINCHES1 (INCHESI (IN**23 (IN'*3)

I 19.50 2.80 279.73 2957.96
,

2 19.50 2.80 279.73 2957.96 -|
'

3 19.50 2.80 279.73 2957.96

9 19.50 2.80 279.73 2957.96

5 15.50 3.38 369.97 3506.69
6 15.50 3.31 357.07 3921.92
7 15.50 3.00 320.99 3010,64

8 15.50 3.00 320.99 3010.61
9 15.50 3.00 320.99 3010.61

10 15.50 3.00 320.99 3010.61
|| 15.50 3.31 357.07 3921.92
12 13.75 2.70 256.17 2190.92

13 13.75 2.70 256.17 2190.92

19 13.75 2.70 256.17 2190.92
15 13.75 2.70 256.17 2190.92

16 13.75 3.03 290.62 2986.78

PL AN T 3 LOADINGS

WL L O * * * * DE ADWE I GH T L OAD * * * * * ***se* IFE RMAL LO AD * * * * * * DP PRESSURE

AFtKIPS) BMilN-K) SlG(KSil AF ( K IPS I DMilN-Ki SIGtKSI) IKSil

1 11. 475. .23 -20. 26717. 10.80 2.29

2 0. O. 0.00 0. O. 0.00 2.29

3 0. O. 0.00 0. O. 0.00 2.29

9 9 ISA .00 -20. 7923. 3.I5 2.29

5 9. 215. .U3 -100. 16693. 9.25 2.29

6 26. 169. .12 -00. 5382. 1.35 2.18

7 21. 117. .10 -88. 4881. 1.35 2.18

8 15. 89. .07 -88. 5505. 1.50 2.18

9 9. 229. .09 -18. 1972. .60 2.18

to 1. 287. .10 -18. 2603. .81 2.18

11 12. 273. .11 80. 7819 2.51 2.18

12 8. 53. .06 8. 4052. 1.92 2.28

13 0. O. 0.00 Q. O. 0.00 2.28

69 0. O. 0.00 0. O. 0.00 2.28

15 11. 717. .38 8 3651. l.79 2.28

16 13. 599. .27 8. 4109, 1.68 2.28

WE I O *********** OHE LOAD *********** *********** SSE LOAD ***********

PEAK G AF(KlPSI BMt!N-Ki SIGtKSit PEAK G AFIKlPS) OMilN-Ki SIGtKSil

I .09 2au. 13909. 6.99 .l0 115. 7898. 3.63

2 .09 0. O. 0.00 .18 0. O. 0.00

5 .09 0. O. 0.00 .18 0. O. 0.00

9 .09 286. 13936. 6.99 .!8 119 5907. 2.81

5 .09 285, 161'*7. 5.39 .18 113. 9390. 2.99

6 .09 128. 13870. 9.91 .18 122. 81769. 3.78

7 .09 130. 10233. 3.00 .18 123. 8055. 3.06

8 .09 129. 6778. 2.65 .18 122. 9259. l.79

9 .09 129. 9067. 3.90 .18 116. 8609. 3.22

10 .09 121. 61097. 4.05 .18 119. 11061. 9.03

11 .09 117. 10503. 3.92 .18 111. 10596. 3.39

12 .09 19 0 . 17691. 9.57 .18 135. 12732. 6.97

13 .09 0. O. 0.00 .18 0. O. 0.00

19 09 0. O. 0.00 .18 0. O. 0.00

IS .09 3'* 9 . 10732. 6.38 .30 292. 10077. 5.65

lb .09 349. 12755. 6.33 .18 292. 11505. 5.99
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Table A-4. Geometry and loadings for sample plant 4.

PLANT 4 GEOMETRY

wELO INNER PADIUS THICKNESS AREA SECTION MOD
(INChCS) (INCHES) t!N**21 (IN**3)

I 14.50 2.45 292.07 2076.50

2 14.50 2.45 242.07 2076.50

3 1%.50 2.*5 242.07 2076.50
4 14.50 2.95 292.07 2076.50

5 15.50 3.30 369.97 3506.69

6 15.50 3.31 357.07 3%21.92
7 15.50 2.60 279.95 2513.69

8 15.50 2.60 274.45 2513.69
9 15.50 2.60 274.45 2513.69

10 15.50 2.60 274.45 2513.69

!! 15.50 3.19 342.6% 3250.22
12 13.75 2.32 217.3% 1767.62
13 13.75 2.32 217.39 1767.62
19 13.75 2.32 217.34 1767.62
15 13.75 2.32 217.39 1767.62

16 13.75 3.03 290.62 2406.78

PLANT 4 LOADINGS

WELD * * * * CE ADWE I GH T L O AD * * * * * ****** THEAMAL LOAO ****** OP PRESSURE
AFim!PS) OMilN-Ki SIGtKSit AftKIPSI BMilN-ki SIGtkSI) (KSit

I 43. 1123. .72 -1. 11909. 5.73 2.2%
2 0. O. 0.00 0. O. 0.00 2.2%
3 0. O. 0.00 0. O. 0.00 2.2%
9 93. 160. .26 -1. 6500. 3.13 2.2%
5 255. 992. .90 -73. 106l0. 2.83 2.2%
6 18. 1659. .5% ~36. 2394 .60 2.18
7 10. 1792. .7R -93. 2214. .72 E.18
8 18. 2150. .92 -93. 2777. .95 2.18
9 6. 3097. 1.23 -9. 1900. .52 2.18

10 6. 4360. 1.76 -9. 592. .20 2.18
1! 29 4999. I.60 '* 3 . 4056. 1.37 2.I8
12 62. 8 35 . .76 3. 4239, 2.41 2.20
13 C. O. 0.00 0. O. 0.00 2.28
19 C. O. 0.00 0. O. 0.00 2.20
15 62 890. .77 3. 4067. 2.31 2.20
16 59. 94 3. .58 1. 4768, l.92 2.20

ptg c ...*......* OBE LCAD *********** *********** SSE LOAO ***********
PEAv G AFIKIPSi BMt lN K i SIGivSli PEAK 0 AF(VIPSI OM(IN Ki $1GlKSil

! .06 319 3398. 2.93 .10 563. 0134. 6.2%
2 .C6 0. O. 0.00 .50 0. O. 0.00
i .06 0. O. 0.00 .10 0. O. 0.00
* .C6 $ 17. 2682 2.60 .l0 555. 6732. 5.53
5 .C6 199. 7996 2.80 .69 342. 19118. 9 . ')6
6 .C6 50. 8819. 2.7% .10 115. 16336. 5.10
7 .06 6+. 5925. 2.59 .80 120. 11029. 4.02
8 .06 69 1958. .97 .10 119. 4676. 2.29
9 .06 R9 2086. 1.45 .IO 157. 5291. 2.60

10 .C6 81. 9771. 2.20 .10 159. 9113. 9.19
11 .06 100. 7WL 2.57 .10 $10. 23101. H.02
12 .06 251. 09'J 2 . 5.07 10 532. 19496. I 1. 39
13 .06 0. O. 0.00 .10 0. O. 0.00
19 .06 0. O. 0.00 .10 0. O. 0.00
15 .06 251. J UH . 2 49 .10 52H. 6595. 6.16
16 .06 2'* 3 . 3200. 2.12 to 500. 091% 5.51
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Table A-Se Geometry and loadings for sample plant 5.

PLAN 1 5 GEOMETPY

WELD INNER RAOlVS THICKNESS AREA SECil0N MOO
IINCHESI (INCHESI (IN**21 IIN'*31

1 14.50 2.45 292.07 2076.50
2 1%.50 2.45 242.07 2076.50
3 14.50 2.95 292.07 2076.50
% 14.50 2.45 292.07 2076.50

5 15.50 3.30 369.47 3506.69
6 15.50 3.31 357.07 3428.92
7 15.50 2.60 27%.95 2513.69
0 15.50 2.60 27*.45 2513.69
9 15.50 2.60 279.45 2513.69

10 15.50 2.00 279.95 2513.69

11 15.50 3.19 392.6% 3250.22
12 13.75 2.32 2l7.3% 1767.62
13 13.75 2.32 217.39 1767.62
1% 13.75 2.32 217.34 1767.62
15 13.75 2.32 Pl7.34 1767.62
16 13.75 3.03 290.62 2906.70

PLANT 5 LOAO!NGS

WELD * * * * Of ADWE | GH T L O AD * * * * * *****e THERMAL LOAO ****** Op PRESSURE

AftK! PSI BMt!N-KI SIGtKSil ArtKlPSI OMilN-KI SIGtWSil ikSll

I 9. 300. .10 -35. 30606. 14.63 2.29
2 0. O. 0.00 0. O. 0.00 2.2*
3 0. O. 0.00 0. O. 0.00 2.24
4 9. 110. .07 -35. 13005, 6.45 2.29
5 ll. 225. .09 -200. 25399. 6.60 2.29
6 11. 270. .1I -80. 5090. l.50 2.10
7 10. 59. .09 -90. 501%. 1.67 2.10
0 13. 50. .07 -90. 5000. l.66 2.10
9 1. 261. .!! -15. 1802. 66 2.10

10 3. 213. .10 -15. 3093. l.49 2.10
li 20. 261. .14 00. 035%. 2.00 2.10
12 10. 306. .22 15. 1039%. 5.92 2.20
13 0. O. 0.00 C. 0 0.00 2.28
1% 0. O. 0.00 0. O. 0.00 2.28
15 -1. 150. .0H 15. 9012. 5.17 2.20
16 1. 326. .13 15. 10733 9.37 2.20

WELO *********** 000 L O AD * * * * * * * * * * * *********** SSE L J AD * * * * * * * * * * *
PLAA G AflKIPS) HMilN-ki SIGikSI) PE AK G ArtkiPS) BM i l N k.1 SIGikSil

8 06 501. 10315. 7.37 .12 579 13604 0.9?
2 .06 0. O. 0,00 .12 0. O. 0.00
3 06 0. O. 0.00 .12 C. O. 0.00
9 .06 576. 997w. 9.77 .12 568. EE67. 5.56
5 .06 572. 18762. %.37 .12 367. 13290. w.79
6 .06 149, 2l702 6.76 .42 207 20179 0.01
7 .06 42. 13670. 5.$9 12 77. 17 79te . 7 36
H .06 92. 575%. J.4w 12 77. 7'* 96 . 3.26
9 .06 218. 11%6b. 5. 56 .12 277= 14231. 6.67

10 .06 219 11551. 5.37 .32 70 19103. 5,07

11 .06 92. 8515 2.79 12 79. 11225. 3.68
l i' .06 232. 12796. H.20 12 329. 15180. 10.IL
l3 .06 0. O. 0.00 .12 0. O, 0.00

19 06 0. D. 0.00 .l2 0. O. 0.00
15 .06 2 fH. 9780. 6.63 .12 330. 13010. 8.92
16 .06 213. 11%25, 5.33 .12 309 1*'2 16 7.17-
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Table A-6. Geometry and loadings for sample plant 6.

PLANT 6 GEOMETRY

WELO |NNER RADIUS T HICKNESS AREA SECTION MOD
( I NCHESI flNCHES) IIN'*2) t|N**31

1 14.50 2.45 292.07 2076.50
2 14.50 2.45 242.07 2076.58
3 14.50 2.45 2%2.07 2076.58
4 14.50 2.45 292.07 2076.58
5 15.50 3.38 369.47 3506.69
6 15.50 3.31 357.07 3421.92
7 15.50 2.60 274.45 2513.69
8 15.50 2.60 27%.45 2513.69
9 15.50 2.60 274.%5 2513.69

10 15.50 2.60 279.45 2513.69
11 15.50 3.19 392.69 3258.22
12 13.75 2.32 217.3% 1767.62
13 13.75 2.32 217.3% 1767.62
1% 13.75 2.32 217.3% 1767.62
15 13.75 2.32 217.3% 1767.62
16 17.75 3.03 290.62 2%86.78

PL ANT 6 LOADINGS

WE LO * * * * DE ADWE I GH T L OAD * * * * * * * * * * * T HERMAL LO AD * * * * * * OP PRESSURE
AFEK!PS) BMilN-K6 SIGtkSil AftKIPSI 8MilN-KI SIGtxSil IMSI)

I 1. 723. .35 -22. 25%64 12.17 2.2%
2 0. O. 0.00 0. O. 0.00 2.29
3 0. O. 0.00 0. O. 0.00 e.2%
9 * 284 .1% -22. 10895. 5.13 2.24
5 6. 135. .05 -195. 20536. 5,33 2.2%
6 16. 45. .06 -78. 6180. 1.59 2.18
7 15. 186. .13 -92. 5275. l.76 2.18
8 10. 168. .10 -92. 5300. l.01 2.18
9 1. 281. .12 -2. 1670. .66 2.18

10 1. 126. .05 -2. 3996. l.50 2.18
11 23. %84 .22 92. 8922. 3.05 2.18
12 -1. 201. .!! 18. 6506. 3.76 2.28.

13 0. O. 0.00 0. O. 0.00 2.28
19 0. O. 0.00 0. O. 0.00 2.28
15 -1. 257. .14 18. 5889. 3.41 2.28
16 -1. 429. .17 16. 6957. 2.85 2.29

WELO * * * * * * * * * * * 00E L O A G * * * * * * * * * * * *********** SSE LOAO ***********
Pt AK G ArtkiPS) HMilN*KI SIGtkSil PEAK G AftNIPSI OMilN-KI SIGIAEll.

I .12 247, 7078. 4.43 .20 383. 9607. 6.21
2 .12 0. O. 0.00 .20 0. O. 0.00
3 .12 0. O. 0.00 .20 0. O. 0.00
% .12 238, 9193. 5.91 .20 370. 10939 6.79
5 .12 167 109. 49 .20 259. 13073. 4.%9
6 .12 113. 12596. 4.00 .20 159. 17693. 5.60
7 .12 114. 8130. 3.65 .20 168. 11041. 5.32
8 .12 114. 3138. l.66 .20 168. 4919. 2.37
9 .12 226. 7973. 3.00 .20 296. 9762. 9.96

10 .12 227. 11259 5.30 .20 296. 14498. 6.85
11 .l2 99. 5272. l.91 .20 127. 7309. 2.61
12 .12 307. 9976. 7.06 .20 %26. 15753. 9.74
13 .12 0. O. 0.00 .20 0. O. 0.00
19 .12 0. O. 0.00 .20 0. O. 0.00
15 .12 315. 6*36 9 . 5.17 .20 439, 8714 6.95
16 .12 209. 7991. 4.19 .20 902. 10579. 5.6%
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Table A-7. Geometry and loadings for sample plant 7.

PLANT 7 GEDMETRY
|

WELD INNER RADIUS THICKNESS AREA SECTION MOD

((NCHES) (INCHES) (IN'*23 4IN'*3)

i 14.50 2.45 292.07 2076.58
2 14 50 2.45 292.07 2076.50

3 14.50 2.45 242.07 2076.58
4 14.50 2.45 242.07 2076.58
5 15.50 3.38 369.47 3506.69
6 15.50 3.31 357.07 3421.92
7 15.50 2.60 274.45 2513.69
8 15.50 2.60 274.45 2513.69
9 15.50 2.60 274.45 2513.69

10 15.50 2.60 274.45 2513.69

!! 15.50 3.19 342.6% 3258.22
12 13.75 2.32 217.3% 1767.62
13 13.75 2.32 217.3% 1767.62
14 13.75 2.32 217.39 1767.62
15 13.75 2.32 217.34. 1767.62
16 13.75 3.03 290.62 2486.78

PLANT 7 LOADINGS

HELD * * * * DE ADWE l GH T LO AD * * * * * **e**e THERMAL LOAD ****** OP PRESSURE

ArtkiPSI 8MilN-Ki SIGtK$ll AF(KIPS) 8M(IN-Ki SIGtkSil IKSil

i 12. 566. .32 -38. 28193. 13.42 2.2%

2 0. O. 0.00 0. O. 0.00 2.29

3 0. O. 0.00 0. O. 0.00 2.2%
4 2. 101. .10 -38. 8000. 3.73 2.2%
5 -10. 79. .00 -105. 1715%. 4.38 2.2%

fi 20. 73. .08 -98. 3027. .61 2.18

7 16. 209. .14 -91. 3107. .90 2.18

8 10. 193. .09 -91. 4724. 1.55 2.18

9 2. 233. .30 -11. 2440. .86 2.18

10 5. 105. .06 -31. 3536. l.29 2.18

11 17. 344 .16 91. 9579. 3.21 2.18

12 19. 730. .50 26. 8919. 5.17 2.28

13 0. O. 0.00 0. O. 0.00 2.28

14 0. O. 0.00 0. O. 0.00 2.28

15 9. 213. .16 1%. 768%. 4.%1 2.28

16 10. 383. .19 1%. 9108. 3.71 2.28

HELD * * * * * * * * * * * OB E L O A D * * * * * * * * * * * *********** SSE LOAD ***********

PEAK G AF(KlPSI DMilN-ki SIGtkS!I PEAK G AFiKIPSI BMt!N-Ki SIGIKSI)

1 .10 50. 1%68. .91 .20 107. 1758. 1.29
2 .10 0. O. 0.00 .20 0. O. 0.00

3 .10 0. O. 0.00 .20 0. O. 0.00
% .to 50. G33. .51 .20 105. 970 .90
S .10 50. 1582. .59 .20 121. 3055. l.20

0 .10 8. 770. .25 .20 13. I 39 3. 43
7 .50 11. 679 .31 .20 16. 915. 42

8 .10 105. 539. .60 .20 17, 680. .33
9 .10 19. 450. .23 .20 20. 765. .38

10 .10 15. 523. 26 .20 21. 846. 41

11 .10 15. 1132. .39 .20 23. 1368. 48

12 .10 17. 317. .26 .20 25, 3913. 2.33

13 .30 0. O. 0.00 .20 0. O. 0.00

14 .10 0. O. 0.00 .20 0. O. 0.00

IS .10 10. 353. .28 .20 33. 620. .50

16 .10 17. 463. .2% .20 33. 706. 40
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Table A-8. Geometry and loadings for sample plant 8.

PLANT 8 GEOMETRY

WELD INNER RA0lVS THI C KNESS AREA SECil0N MOD
( I NCHES I I I NCHES ) (IN'*25 (IN'*3)

! 14.50 2.45 292.07 2076.58
2 14.50 2.95 292.07 2076.58
3 14.50 2.95 242.07 2076.58
% 19.50 2.45 292.07 2076.58
5 15.50 3.38 369.%7 3506.69
6 15.50 3.31 357.07 3921.92
7 15.50 2.60 279.45 2513.69
8 15.50 2.60 274.45 2513.69
9 15.50 2.60 27%.%5 2513.69

10 15.50 2.60 27%.95 2513.69
il 15.50 3.19 342.6% 3258.22
12 13.75 2.32 217.3% 1767.62
13 13.75 2.32 217.39 1767.62
19 13.75 2.32 217.39 1767.62
15 13.75 2.32 217.39 1767.62
16 13.75 3.03 290.62 2486.78

PL ANT 8 LOADINGS

WELD * * * * CE ADWE I GH T L O AO * * * * * ****** T HE RMAL LO AD * * * * * * OP PRESSURE
ArtKIPSI OMilN-K) SIGtKSil AF(K!256 8M(!N Ki 510(VSII (KSit

i 25. 581. .38 -23. 16478. 7.8% 2.2%
2 15. 353. .23 -23. 1779. .76 2.29
3 16. 336. .23 -23. 3588. l.63 2.29
4 10. 218. .10 -23. 10087. % 76 2.24
5 23. 100 .09 -25. 14296. 4.01 2.2%
6 18, 90. .38 -68. 5210. 1.33 2.18
7 19. 260. .15 -75. 4300. 1.49 2.18
8 9. 233. .13 -75. 4118. 1.36 2.18
9 2. 293. .12 -0. 1563. .59 2.18

10 6. 159. .09 -0. 3558. l.39 2.18
11 19. 272. .1% 68. 6805. 2.31 2.I8
12 28. 2*8. .27 12, 5977. 3.49 2.28
13 25, 251. 26 12. 4977. 2.87 2.28
I4 3. 759. .99 12. 2610. l.53 2.28
15 17. 489. .35 12. 9069, 2.35 2.28
16 20. 809. .39 10. 4671. 1.96 2.28

WELO * * * * * * * * * * * OH E L O A D * * * * * * * * * * * *********** SSE LOAD ***********
PEAK G AFik! PSI BMilN-Ki StGlkSil PEAK 0 Ar(KlPSI BMilN-KI SIGlKSil

1 .08 8 IO . 7137 6.90 .20 1288. 13900. II.77
2 .08 H25. 5391. 6.00 .20 1260. 3957, 9.31
3 .08 797, 9919. 7.03 .20 1729 19681. 12.13
9 .08 797. 10169. 8.19 .20 1229. 15817. 12.67
5 .00 529. 12063. 9.89 .20 829. 18802. 7.62
6 .08 171. 19916. 4.89 .20 260. 26942. 8.60
7 .08 111, 9848. %.32 .20 170. 17919. 7.55
8 .08 113. 5039, 2.42 .20 173. 7989. 3.81
9 .C8 145. 6209. 3.00 .20 267. 12032. 5.76

10 .08 127. 6099 2.89 .20 199 12709 5.76
11 .08 117. 15589. 5.13 .do 680. 23779. 7.82
12 .08 587. 18191. 12.99 .20 918, 27690. 19.89
63 .00 587. 16213. 11.07 20 918, 22796. 17.09
14 .08 608. 10957, 9.00 .20 957. 16779. 13.89
15 .08 610, 6175. 6. 30 .20 963. 10585. 10.92
16 .08 SL6. 82H9. 5.28 .20 893. 13H51. 8.6%
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Table A-9. Geometry and. loadings for sample plant 9.

PLANT 9 GEOMETRY

WE LD INNER RADIUS THICKNESS AREA SECTION MOD
flNCHES) flNCHES) (IN''2) IIN'*3) j

l 14.50 2.45 242.07 2076.58

2 14.50 2.45 242.07 2076.50

3 14.50 2.45 242.07 2076.58
9 19.50 2.45 242.07 2076.50

5 15.50 3.38 369.97 3506.69
6 15.50 3.31 357.07 3921.92
7 15.50 2.60 27%.95 2513.69 I

'
8 15.50 2.60 274.45 2513.69
9 15.50 2.60 274.%5 2513.69

10 15.50 2.60 279.45 2513.69
!! 15.50 3.19 342.6% 3258.22
12 13.75 2.32 217.3% 1767.62
13 13.75 2.32 217.3% 1757.62
14 13.75 2.32 217.3% 1767.62
15 13.75 2.32 217.34 1767.62
16 13.75 3.03 290.62 2986.78

>

PLANT 9 LOADINGS

WEL D * * * * DE ADWE l GH T LOAD * * * * * * * * * * * T HE RM AL L O AD * * * * * * OP PRESSURE

AftK! PSI OMilN-K) SIGtKSI) AF(KIPS) 8Mt!N-K) SIGtKSil ikSil /'

I II. 498. .29 -2, 22531. 10.8% 2.2%
2 0. O. 0.00 0. O. 0.00 2.24
3 0. O. 0.00 0. O. 0.00 2.2%
% !I. 205. .14 -2. 6450. 3.10 2.2%
5 10. 168. .00 -182. 13801. 3.46 2.2%
6 25. 209. .33 -41. 2922. .7% 2.18

7 20. I12. .12 -50. 2762. .92 2.IO

8 19. 95. .09 -50. 2886. .97 2.18

9 3. 355. .15 -9. 1276. .%7 2.18

to 6. 271. .13 -9. 3156. l.22 2.18

il 10. 360. .16 50. 5%04 1.80 2.18 -

12 6. 98. .08 10. %610. 2.65 2.28

13 0. D. 0.00 0. O. 0.00 2.28
14 0. O. 0.00 C. O. 0.00 2.28

15 5. 75. .07 10. 3547, 2.05 2.28

16 8. 221. .12 5. 500%. 2.03 2.28

t

WE L D *********** OBE LOAO *********** *********** SSE LOAD ***********

' PE AK G AfiklPSP BMilN-Kl SIGtKSil PEAK G AF(MIPS) OMilN+K) SIGtKSil

I .06 81. 2237. I.%I .I2 162. 447%. 2.82

2 .05 0. O. 0.00 .12 0. O. 0.00
3 .06 0. O. 0.00 .12 0 O. 0.00

% .06 81. 972. .00 .12 162. 1994. l.6!

5 .06 79. 1818. .7% .12 158. 3636. l.47

6 .06 10. 1222. .41 .12 36. 2%%%. .82
7 .06 19. 069. .91 .12 ,38 , 1738. .83
8 .06 16. 651. .32 .12 32. 1302. .63

#
9 .06 17. H52. .90 .I2 3+. 1709. .00

10 .06 18. 589. .30 .12 36. 1170. .60
11 .06 18. 1899. .62 .12 36, 3698. 1.2%

12 .06 %5. 2008. 1.3% .12 90. 4016. 2.69
13 .06 0. O. 0.00 .12 0. O. 0.00 t

19 .06 0. O. 0.00 .12 0. O. 0.00

15 .06 %6. 498. 99 .12 92. 996. .39
16 .06 %6. 049. .50 .12 92. 1698. 1.00
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Table A-10
1

Geometry and'ioadings for sample plant 10.
1

)
. , .

N PLANT 10 GE0t9ETRY,

WELD ! W R RA')FUS THICKNESS , AREA SECit0N MOD
' . ( INCHC'il I(NCHESI 8IN**21 ((N'*31

s

i 14.50 2.00 279.75 2%57.46
2 14.50 2.00 279.73 2957.46,

3 I4.50 2.00 279.73 2457.96'

'

4 14.50 2.80 279.73 2957.46
5 15.50 3.38 369.97 3506.69
6 15.50 3.31 397.07 3%21.92
7 15.50 3.00 320.9% 3010.61
0 15.50 3.00 321.+% 3010.61 .

s 9 15.50 3.00 ' RO . 9% 3010.61
n ') 15.50 3.00 32f. 9% 3010.61
1. . 15.50 3.31 357 07 3921.92
1.? 13.75 2. 7') 256.17 2140.92 '

IJ 13.75 2.70 255.17 2190.92
4* 13.75 2.70 256 17 2140,92

15 13.75 2.70 256.17 2190.92
16 13.75 3.03 - 290.62 290o.VU

PLANY 13 LOADINGS

WELO * * * * DE ADwE I GH T LO AD * " * * * * * * * * T HE RM AL L O AD * * * * * * OP PRESSUHF
Ar t K IPS h DMilN-Ki SIG MLf,1 AFtKIPS) OMilN-Ki SIGtkSil (KSt}

I 1. 158%. .65 240. [1700. 3.87 2.2%
'? 1. 1360. W -235. - 1236. . 3% 2.2%

3 I |100. .99 -d*3. 7516. 2.19 2.2%
% f. 1032. 42 -243. h292. 2.58 2.2%
5 23. 696. .26 +231. 8520. 1.00 2.2%
6 16. 696. .25 -80. 7572. l.97 2.10
7 17. 760.
0 10. 700.

,
.31 -103. 5736. 1.58 2.10
.29 -103. 506%. 1.36 2.10

9' l. 312. .11 -lL. 840. .2% 2.10
lb 1. 216. .07 -18. 1756. 1.21 2.10
11 20. 1360. 40 103. 4632. 2,78 2.18
12 1. 170%. .90 46. 5010. 2.01 2.28s

13 t. 200. i .tw e6 %%76. 2.27 2.28
19 !. 1272. 60 4 */ . ~2000. 1.50 2.28
15 1. !32. .07 97 !394. .03 2.20

''16 1. 406. .19 3 t, 1769 .82 2,28
' w.

wt t p ........e** COL {0A0 *********** * * * * * * * * * * * S SE L O A O * * * * * * ' * * *
PEAK G MikiPSI DMilN-ki SIGikStp Pl aK G AftkiPSI UMilN-kl 510tkSI)

s <

i . 0t' 114. t h0. .87 93 159. 1000. l.30e
52 .06 11+. 8 76. 76 .14 160. 1260. 1.00

3 .06 !!%. 169%. 1.0. .f3 159. 230%. l.51
% .06 I I '# . 1668. 1.00 - .13 159. 29t2. I.55
5 .06 73. 3133. 1.17 ...Ii 106 1900. I 40
6 .06 10. 3r36. 1.09 11 16 422%. l.20
7 .C6 15, 3029 1.05 13 20, 3576. l.25
0 .06 15, 2052. , .'1 .13 20. 1900. .72

| 9 .06 22. 690. .ch ?3 27. H 76. .30
10 .06 22. 076. .36 .13 27. 1060. . % 's

I II .00.' 16. I 16'e . .3# \ 11 22. 164%. .5%
~'

12 .06 q 10. 636. . :f t .63 31. 1000. .59
13 .C6 10. 50%. . 31 .13 31, 792. 99
19 . ( '' ty 492. .3J .33 33. 732. 47

.C+ 204 264 .20 .I3 35, 30%. .3215 ''
,

16 C6 17. iHH. .11 .13 29. %32. .27
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Table A-ll. Geometry and loadings for sample plant 11.

I
PLANT 11 GEOMETRY

1

WELO INNER RADIUS fHlCKNESS AREA SECil0N MOD
(INCHES) ( INCHE SI IlN'*2) ilN'*33

1 1%.50 2.45 292.07 2076.50

2 19.50 2.45 292.07 2076.58

3 14.50 2.95 292.07 2076.58
4 1%.50 2.45 292.07 2076.58
5 15.50 3.38 369.47 3506.69
6 15.50 3.31 357.07 3921.92
7 15.50 2.60 274.w 5 2513.69
8 15.50 2.60 279.45 2513.69
9 15.50 2.60 279.45 2513.69

10 15.50 2.60 27% 45 2513.69

11 15.50 3.19 392.6% 3258.22
12 13.75 2.32 217.3% 1767.62
13 13.75 2.32 217.34 1767.62
14 13.75 2.32 217.39 1767.62
15 13.75 2.32 217.39 1767.62
16 13.75 3.03 290.62 2986.78

PL ANI || LOADINGS

WE L D * * * * E:( A0wE | GHT LOAD * * * * * ****** THERMAL LOAO ****** OP PRESSURE

AftkiPS3 UM t l N -K ) SIGIKSil AFikiPSI BMilN K) StGtKSll (KSil

I IP. 526. .30 -45 31385. 19.93 2.29

2 0. O. 0.00 0. O. 0.00 2.29

4 0. O. 0.00 0. O. 0.00 2.29
4 3. 167. .09 -45. 9305. 4.30 2.2%

5 9. 79. .05 -215. 19742, 5.09 2.29

ft 20. 158. . 50 -111. 8769. 2.25 2.18
7 16. 87. .09 -130. 7513. 2,52 2.18

8 a2. 70. .07 -130. 7900. 2.67 2.18

9 1. 279. . Il -93. 2223. .73 2.18

10 3. 299 . 11 -43. 5990. 2.21 2.18

11 16. 282. . 13 120 1343a. 9.47 2.18

12 9. 250. . 18 52. 5858. 3.55 2.28

13 0. O. 0.00 0. O. 0.00 2.28

19 0. O. 0.00 0. O. 0.00 2.28

IS 9. 222. . 17 52. 4756. 2.93 2.28

lb 11, 943. .22 30. 7106. 2.96 2 28

WE L D *********** OHE L O A D * * * * * * * * ' * *********** SSE L O AD * * * * * * * * * * *
Pl.AK O AfIKIPSI DMilN-ki StGtKSil PEAK G ArenlPSI 8MilN Ki SIGtKSil

I .10 206. 6427 3.95 .15 221. 6918. 4.24

2 .l0 0 O. 0.00 .15 0. O. 0.00

3 .10 0. O. 0.00 .15 0. O. 0.00

* .in 209. 4304 2.42 .45 220. 9622. 3.13
5 .10 200. 0818. 2.99 .15 216. 7378. 2.70
6 .30 193 38307. 14.60 .15 86. 6057. 2.29
7 .10 77. 4930. 2.09 .15 d6. 4812. 2.23
8 .10 77. 3270. 1.58 .15 86. 35L5. l.71

9 .10 285. 3be7. 2.33 .15 BJ. 3655. l.75

10 .10 72. 2500. 1.26 .15 81. 2895. l.45

1I .10 f.9 . '* 35 5. l.59 .15 77. 4767. l.69

12 .10 158. 4196. 3.10 .35 105. 9922. 3.6%

13 ,10 0 O. 0.00 . l ei 0. O. 0.00

19 .10 0 O. 0.00 ,15 0. O. 0.00

15 .40 162. 2029. 1.09 .l5 189. 2381. 2.22

16 .10 162. 2370. l.51 .35 187, 2719. 1.7%
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i Table A-12. Geometry and loadings for sample plant 12.

:

PtANT 12 GEOME TRY

WE LD I NNE R R'.D I US ' o ! L Kf 4E SS AREA SL2 TION MOD
tINCHf31 (IPO+[S) (]N'*2) (IN"*31

1 14.50 2.45 2%2.07 2076.58
2 14.50 2.%S 242.07 2076.58
3 19.50 2.45 292.07 2076.58
9 14.50 2.95 242.07 2076.58
5 15.50 3.38 364.47 3506.69
6 15.50 3.31 357.07 1921.92
7 15.50 2.60 279.95 E513.69
8 15.50 2.60 27%.45 2513.69
9 15.50 2.60 279.%t 2513.69

10 15.50 2.60 27%.45 2513.69
11 15.50 3 19 342.6% 3253.22
12 13. '$ 2.32 217.3% I"67.62 i

13 13.75 2.32 217.3% 1767.62
1% 11.75 2.32 217.3% 1767.62
15 13.75 2.32 217.3% 1767.62
16 13.75 3 03 290.62 2986.78

PL ANT 12 L O AD INGS

HELD **** DE ADUE I GH T L O AD ***** ****** THERMAL LOAD ****** OP PRESSURE
AF1xlPSI DMilN-Ks SIGtKSI) AftkiPSI BMilN-Ki SIGtKSI) (KSlr

1 9 280. .11 -25. 1512%. 7.18 2.2%
2 0. O. 0,00 0. O. 0.00 2.2%
4 0. O. 0.00 0. O. 0.00 2.2%
4 9 I15. .07 -25. 7C09. 3.27 2.2%
5 11. 211. .09 -190. 12989. 3.32 2.2%
6 22. 168. .12 -80. 5478. 1.38 2.18
7 17. 83. .09 -90. 4680. I.53 2.18
8 12. 63. .07 -90. 4976. 1.63 2.18
9 1. 270. .Il -10. 990. .36 2.18

:D 3. 216. .10 -10 3590. l.37 2.18
11 20. 252. .1% 80. 8999. 2.83 2.18
12 IC. 313. 22 20. 2230. I.35 2.28
13 0. C. 0.00 0. O. 0.00 2.28
1% 0. O. 0.00 0. O. 0.00 2.28
15 O. 109. .10 20. 2000. 1.26 2.28
16 10. 273. .1% 20 2355. 1.02 2.28

Wt t. D *********** OHE LOAD *********** *********** S SE L O A D * * * * * * * * * * *
PEAK i AttwlPS) BMqlN-KI SIGtK5|| P[AK G AF1 KIPS) RM(IN-K) SIGtKS!I

I .00 239. 6%%I. 4.09 .15 %%9. 12077. 7.67
2 .08 0. O. 0.00 .15 O. O. 0.00
I .C8 0. O. 0.00 .45 0. O. 0.00
* .C8 239. 3299. 2.55 .15 '+ 9 8 . 6091. 4.78
5 .C8 15%. 6823. 2.37 .15 288. 1279%. %.9%
6 .0H 124 24729. 7.57 .15 233. 46366. 14.20
7 08 9%. 1551%. 6.51 .15 177. 29089. 12.22
8 .08 99 1428. .91 .45 177. 2677. 1.71
9 .Cd ?20. 13813. 6.30 .15 412. 25899. 11.80

10 .08 218. I '+ 925 . 6.73 .15 408. 27985. 12.62
11 ,08 4*. 12511. %.1i .15 176 23958. 7.71
12 .CH 69. H469 5.II .15 1 30. 15879. 9.58
13 .08 0. O. 0.00 .15 O. O. 0.00
14 .C8 0. O. 0.00 .15 O. O. 0.00
15 .08 70. 10.134 fi .17 .l5 131. 19376. 11.56
16 .C8 53. 11505. 4.01 .15 99. 21572. 9.02
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Table A-13. Geometry and loadings for sample plant 13.

PLANT 13 GEOMEIRY

WE L D I NNC H R AOl us THICKNESS ARE A SECliON MOD

IINCHISi iINCHESI (IN'*2B TIN'*31

1 14.50 2.%5 242.07 2076.50

2 1%.50 2.45 242.07 2076.50

3 1%.50 2.45 2%2.07 2076.50
4 1%.50 2 95 2%2.07 2076.50

5 15.50 3.38 364.47 3506.69
6 15.50 3.31 357.07 3*21.92

7 15.50 2.00 27%.95 2513.69
8 15.50 2.60 27%.95 2513.69
9 15.50 2.60 279.45 2513.69

10 15.50 2.60 27%.45 2513.69

11 15.50 3.19 342.6% 3250.22
12 13.75 2.32 217.3% 1767.62
13 13.75 2.32 217.3% 1767.62
1% 1 3. 15 2.32 217.3% 1767.62
15 '!3.75 2.32 217.3% 1767.62
16 13.75 3.03 290.62 2%B6.70

PL ANI 13 LOADINGS

a
Hf LD * * * * Of ADWE | GH T L O AD ***** * * * * * * T HE RM AL LOAD ****** OP PRESSURE

Artk! PSI OMilH-Ki SIGtKSil ArtKIPS: DMilN-Ki SIGtkSil (KSil

1 0. G. 0.00 -30. 21281. 10.12 2.2%

2 0. D. 0.00 0. O. 0.00 2.2%

3 0. O. 0.00 0. O. 0.00 2.29

4 0. O. 0.00 -30. 3319. 1.97 2.2%

5 0. O. 0.00 -l%9. 9679. 2.35 2.2%
6 0. O. 0.00 -75. 6927. 1.67 2.10

7 0. O. 0 00 -100. 5657. l.09 2.10

0 0. O. 0.00 -100. 6265. 2.13 2.18

9 0. O. 0.00 -15. 1035. .36 2.10

to 0. O. 0.00 -15. 3563. I.36 2.10

11 0. O. 0.00 75. 10571. 3.%6 2.10

| i- O. D. 0.00 35. 950%. 2.71 2.20

13 0. O. 0.00 0. O. 0.00 2.28

14 0. O. 0.00 0. O. 0.00 2.20

15 O. O. 0.00 35. %203. 2.50 2.20

16 0. O. 0.00 30. 5221 2.20 2.20

WC L D *********** 000 L O A D * * * * * * * * * * * *********** SSE LOAD ***********

PLAK G Ar4 KIPS) HMt!N-kl SIGtKSil P( AK G AF IKIPS) OMilN-Ki S!GikS11

I .10 350. 4251. 3.52 .15 2% H . %707. 3.29

2 .10 0. O. 0.00 .l5 O. O. 0.00

3 .10 D. O. 0.00 .35 O. O. 0.00

% .10 372, 272%. 2.05 .15 257 6927. 4.16

5 .IO 372. 6%66. 2.06 .15 257 9963. 3.40

6 .10 05 11303. 3.99 .l5 120. 9183. 3.02

7 .10 f *i . 10716. 4.50 .15 120. 0627. 3.07

H .10 65. 5H90. 2.56 .15 120. %295. 2.15

9 .10 th. 50b0. 2.57 .15 120. 5928. 2.H2

10 .50 76. 575%. 2.57 .15 12;* . 6993. 3.03

II .I6 75. 70%3. 2.63 .15 123. 8151. 2.86

12 .10 5t h . 15713. 11.99 .15 360. 10101. 7.41

13 .10 0 0. 0.00 . l *: 0. O. 0.00

19 .10 0. O. 0.00 .IS 0. O. 0.00

15 .10 S07. 1353 6.H6 .15 309. 555%. 4,93

lb .10 507. 9283. 5.75 .15 389. 6171. 3.H2

a The data are not available, but the load is negligible.
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Table A-14. Geornetry and loadings for sample plant 14.

PLANT 14 GEOMETRY

WELD INNER RADIUS THICKNESS AREA SECTION M00
(INCHES) ( I NCHES ) (IN'*21 (!N''31

1 14.50 2.45 2%2.07 2076.58
2 14.50 2.*5 2*2.07 2076.58
3 14.50 2.45 242.07 2076.58
% 14.50 2.%5 242.07 2076.58
5 15.50 3.38 364.47 3506.69
6 15.50 3.31 357.07 3*21.92
7 15.50 2.60 274.45 2513.69
8 15.50 2.60 274.45 2513.69
9 15.50 2.60 27%.45 2513.69

10 15.50 2.60 274.%5 2513.69
11 15.50 3.19 3*2.6% 3258.22
12 13.75 2.32 217.34 1767.62
13 13.75 2.32 217.34 1767.62
14 13.75 2.32 217.34 1767.62
15 13.75 2.32 217.3* 1767.62
16 13.75 3.03 290.62 2* BG . 78

P ANT !% LOADINGSL

WELD **** OEADWEIGHT LOAD ***** THERMAL LOAD ****** OP PDESSURE******

ArtKIPSI OMilN-KI SIGtKSI) AF(KIPSI BMi1N-K) S!GtkS!) (KSt.

I 25. 581. .30 -23. 16978. 7.8% 2.2%
2 15. 353. .23 -2!. 1779. .77 2.2*
3 16. 336. .23 -2I. 3588, 1.6% 2.2*
4 18. 218. .!8 -21. 10087. 4.77 2.24
5 23. 100. .09 -125. 14296. 3.73 2.2*
6 18. 90. .C8 -68. 5210. 1.33 2.18
7 14 260. .15 -75. 4300. l.4% 2.18
8 9. 233. .13 -75. 4118. 1.36 2.18
9 2. 293. .12 -0. 1563. .59 2.18

10 6. 159. .09 -8. 3558. I.39 2.18
11 19. 272. .1% 63. 6885. 2.31 2.18
12 28. 2*8. .27 12. 5977. 3.4% 2.28
13 25. 251. .26 12, 9977. 2.87 2.28
1* 3. 75%. 4% 12. 2610, 1.53 2.28
15 17. 489. .35 12. %C6*. 2.35 2.28
16 20. 809. .39 10. 9671, 1.91 2.28

wtto . . . . . . . . . . * CBE L O A D * * * * * * * * * * * *********** SSE LOAO ***********
PEAK G ArIKIPSI OMilN-K) SIGtKSil PEAK G AFtKIPSI OMalN-K) S!GiKS!)

1 .09 369. 387%. 3.39 .20 1391. 12409. 11.72
2 .09 364 2956. 2.93 .20 1368. 90'+ 0. 10.01
3 .09 351. 5224 3.97 .20 1320. 15959. 13.1%
4 .09 351. 5638. 9.17 .20 1302 17246. 13.68
5 .C9 234, 5670. 2.26 .20 082. 17626. 7.45
6 .09 163. IU276. 3.46 .20 367. 25029. 8.34
7 .09 108. 7503. 3.38 .20 263. 18163. 8.18
8 .09 109. %6%6. 2.24 .20 242. 913%. 4.52
9 .09 13%. %382. 2.23 .20 30%. 9001. 5.01

10 .09 118. 4991. 2.42 .20 269. 10159. 5.02
II .09 110. 1%5%%. %.78 .20 2%7. 32619. 10.73
12 .09 503. 19612. 10.58 .20 1393. 42200. 30.28
13 .09 SC 3. 12999. 9.67 .20 1393. 37536. 27,6%
14 .09 520. H731. 7.33 .20 1943. 25291. 20.94
15 .09 520. 9666. 5.03 .20 1947 13621. 14.36
16 .09 98i. 50H2. 4.02 .20 1342. 16993. II.wS
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Table A-15. Geometry and loadings for sample plan._ 15.

?LANT 15 GECMETRY

WELD lt.*.ER RA0!US THICKhESS AREA SECTICN MOD

tINCHEst 4!NCHESI IIN'*23 (IN**31

1 19.50 2.45 292.07 2076.50
2 1%.50 2.45 2%2.07 2076.50
3 1*.50 2.99 300.99 267%.1%
% 14.50 2.99 300.%9 267%.1%

5 15.50 3.38 36%.47 3506.69
6 15.50 3.31 357.07 3921,92

7 15.50 2.60 27%.45 2513.69
8 15.50 2.60 27%.45 2513.69

9 15.50 2.60 27%.45 2513.69
10 15.50 2.60 274.95 2513.69
!! 15.50 3.19 342.6% 3258.22
12 13.75 2.32 217.3* 1767.62
13 13.75 2.32 217.3* 1767.62
1* 13.75 2.32 2'7.3* 1767.62
15 13.75 2.32 217.3% 1767.62
16 13.75 3.03 290.62 2*06.78

PLANT IS LCADINGS

CE A0WE I GH f L O AD * * * * * ****** THERMAL LOAO ****** OP PRE 55UPEnE L D ****

ArikiPsi BMilN-Ki slGvKsli ArtK! PSI OMilN-KI SIGtkSil (K511

! 0. 61. .03 7. 29203. 1%.09 2.2%

2 C. D. 0.C0 C. O. 0.00 2.2%

3 0. O. 0.00 0, O. 0.00 2.2%
4 C. 217. .08 7. 14186. 5.33 2.2%
5 9. 9 31. .15 206. 25954 7.82 2.2%
E 5. 295. .10 99. 6608. 2.21 2.18

18. 166. .13 120 5965. 2.61 2.18'

8 13 156. .Ii 120. 5857. 2.77 2.IO

9 0. 205. 08 7. 951. 90 2.18

't C. 298. .10 7. 3973. l.61 2.18

il 18. 399. .17 120 10801. 3.67 2.18

12 0. 2*0. 19 10. 906%. 5.17 2.28

15 0. O. 0.00 0 0. 0.00 2.28

14 C. C. 0.00 C. O. 0.00 2.28

15 0 183. .10 10. 7602. w.35 2.28

16 0 |32 .05 12 8112. 3.30 2.28

w[ t g .......... opt (ca9 ........... ........... SSE LOAD ***********

&[AK G AI inlP$i BM4IN Ki SIGlkSll PEAN G ArtKIP51 BM: lN-K1 SIGtK5tl

.CB 1N. I860. l.w7 .15 275. 3720. 2.93'

t On C. O. 0.00 .15 O. O. 0.00

3 LC 0. O. 0.00 .15 O. O. 0.00

w C8 '+4. 1835 1.00 .15 188. 3670. 2.00

Cet 9+. 18!5 78 .15 188. 3670. l.56*

h CH 05 271 r. .97 15 130. 5*20 1.95
' C8 65 271'? l. 31 .15 130. 5420. 2.63

n OH th. 2710 t . 31 15 130. *W 2 0 . 2.63

1 04 F* . 29 % 1.28 .15 58, 5910. 2.56

19 YH 29 29*:# 1.20 15 50. 5910. 2.56

11 CA 29 29 % .99 .15 58. 5310. l.98

IJ EH 76. 20% . 1.55 15 152. *190. 3.07
13 .UH D O. 0.00 .15 O. O. 0.00

14 H 0 0. 0.00 .15 0- 0. 0.00

15 id f ,9 . 1955 1.94 .15 1 57. .4870. 2.42

16 su 69. 19B. I C2 .15 137. 3A70. 2.03
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Table A-16. Geometry and loadings for sample plant 16.

PLANT 16 GEOMETRY

WELD INNER RA01US THitwrESS AREA SECTION MOD

tINEHESI IINCHES) TIN **2) (IN**31

1 14.50 2.45 292.07 2076.50

2 14.50 2.w5 242.07 2076.58

3 14.50 2.99 300.49 2679.19

% 19.50 2.99 300.99 2679.19

5 15.50 3.38 369.97 3506.69
6 15.50 3.31 357.07 3921.92
7 15.50 2.60 279.45 2513.69

8 15.50 2.60 274.45 2513.69

9 15.50 2.60 279.45 2513.69

10 15.50 2.60 279.45 2513.69

!! 15.50 3.19 392.6% 3258.22

12 13.75 2.32 217.34 1767.62
13 13.75 2.32 217.39 1767.62
14 13.75 2.32 217.34 1767.62
15 13.75 2.32 217.34 1767.62
16 13.75 3.03 290.62 2486.78

PL ANT 16 LOA 0lNGS

OEADWEIGHT LOAD ***** ****** THE RM AL L O AD * * * * * * OP PRESSUREWELD ****

AflKIPSI UMt|N Ki S!GtKSil AF t KIPS) BMl!N-KI SIGIKSI) (KSI)

I 9. 286. .17 10. 30983. 19.96 2.24

2 0. O. 0.00 0. O. C.00 2.29
3 0. O. 0.00 0. O. 0.00 2.29
4 4 121. .06 10. 19162. 5.33 2.29

5 !!. 216. .09 -200. 26376. 6.97 2.29
6 23. 204. .12 -90. 6265. 1.58 2.18
7 10. 82. .10 -100. 5930. 1.80 2.18
8 12 67. .07 -100. 5958. 2.01 2.18
9 I. 280. .12 -10. 1083. .39 2.18

10 4 223. .10 -10. 9019. l.56 2.18
11 21. 273. .15 90. 10281. 3.42 2.18
12 10. 290. .21 2. 9616. 5.95 2.28
13 0 O. 0.00 0. O. 0.C0 2.28
1% 0. O. 0.00 C. O. 0.00 2.28
15 9. 179 .19 2. 9231. 5.23 2.28
16 11. 389 .19 2. 10856. 9.37 2.28

st t o *********.* OHC LOAD *********** *********** 5SE L OAD ***********

PCAK G AfiKIPS) BM i l N -K ) SIG4KS11 PEAK G AFIKIPSI OMilN-K) SIGIK511

1 13 829 165H% 11.39 .25 1333. 11690. 11.19

2 .13 0. O. 0.00 .25 O. O. 0.00

3 13 0. O. 0.00 .25 O. O. 0.00
% .13 829 16*42. 0.89 .25 1225. 19127. 11.19

5 .!! 829. 25545. 9.55 .25 1225. 19027. 8.79
6 .33 199. 20636. 6.59 .25 68. 9996. 3.11
7 .13 199. 19912. 6.66 .25 68 9996. 4.22
9 13 199. 10113. 9.75 .25 68. 9996. 4.22
3 .13 199. 12218. %.59 .25 88. 6082. 2.79

10 .13 199. 12076. 5.53 .25 80. 6082. 2.7%
11 13 199. 13492. 4.72 .25 88. 6092. 2.12

le .Ii 3 E.8 . 19739 12. 8f, .25 636. 13398. 10.48

13 .13 0. G. 0.00 25 O. O. 0.00

19 .13 0. O. 0.00 .?5 O. O. 0.00

15 .I1 368 15269 10.33 .25 736. 12937 10.71
16 .l! 30 8. I'951 8.48 .25 736. 12951 7.73
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Table A-17. Geometry and loadings for sample plant 17.

PLANT 17 GEOMETRY

WELD INNE R R ADIUS THICKNESS AREA SECTION MOD
( INC HE S ) iINCHES) iIN'*21 IIN*'3)

I 19.50 2.45 292.07 2076.50
2 19.50 2.45 242.07 2076.50
3 14.50 2.99 300.99 2679.1%
% 19.50 2.99 300.49 267%.1%
5 15.50 3.38 36%.47 3506.69
6 15.50 3.31 357.07 3921.92
7 15.50 2.60 274.45 2513.69
8 15.50 2.60 27%.45 2513.69
9 15.50 2.60 274.45 2513.69

10 15.50 2.60 279.95 2513.69
!! 15.50 3.19 392.6% 3258.22
12 13.75 2.32 217.3% 1767.62
13 13.75 2.32 217.3% 1767.62
19 13.75 2.32 217.3% 1767.62
15 13.75 2.32 217.3% 1767.62

d16 13.75 3.03 290.62 2%86.78

PLANT 17 LOADINGS

WELD **** DEADWElGHT LOAD ***** ****** THERMAL LOAO ****** OP PRESSURE

AftK! PSI OMilN-ki SIGtKSI) AflKIPS) OM(IN-Ki SIGtKSI) (KSI)

i 22. 1055. .60 47. 19669. 9.67 2.2%
2 7 018. 42 29. 419. .32 2.2%
3 22. 226. .16 28. 3955. 3.82 2.2%
% 23. 81. .11 28. 11224 4.29 2.2%
5 29. 859 .32 140. 17153. 5.28 2.29
6 21. 236. .13 90. 7032. 2.33 2.18
7 16. 179. .13 116. 5325. 2.5% 2.18
8 11. 133. .09 116. 5378. 2.56 2.18
9 2. 219 .09 3. 1361. .55 2.18

10 3. 172. .08 3. 3963. 1.39 2.18
Il 15, 255. .12 116. 9820. 3.35 2.18
12 25. 900. .62 2%. 5239. 3.07 2.28
13 2?. 196. .21 24 3899. 2.32 2.26

*

1% 3. 806. 47 25. 1607, 1.02 2.28
15 15. 605. 41 21. 4233. 2.49 2.28

'

16 18. 1069 .99 '8. 3911. l.63 2.28

WELO *********** OBE L O AD * * * * * * * * * * * *********** SSE LOAD ***********
PEAK G AF(KIPS) OMilN-Ki SIG(KSI) PEAK G AFtKIPSI OMilN-K) SlOtKSl)

' *
,

1 .06 150. 5686. 3.36 .12 177. 4788. 3.0%
2 .06 150. 1973. l.33 .12 176. 1384. 1.39

3 .06 144 3029. 1.61 .12 172. 2798. 1.62
% .06 199. 3153. l.66 .12 172 2924 1.67

5 .06 149. 4957. l.67 .!2 172. 5309. l.99

6 .06 299 13990. 4.77 .12 200. 11680. 3.97
7 .06 2% 8 . 9823. 9.81 .12 202. 8216. 4.00

0 .06 250. 459%. 2.72 .12 205. 3892. 2.30
9 .06 253. 2393. 1.87 .12 207. 1976. 1.5%

10 .06 254 3517. 2.32 .12 208. 2929. 1.92

11 .06 256. 22060. 7.52 .l2 209. 18( u9. 6.16
12 .06- %37. 11335. 8.42 .12 355. 9258. 6.87
13 .06 938. 10060. 7.71 .12 357. 8179. 6 27
1% .06 455. 7591. 6.39 .12 369. 6199. 5.20
15 .06 460. 7335. 6.27 .12 37%. 5997. 5.11

16 .06 963. 11354 6.15 12 37%. 9265. 5.01
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(PWR) plants in the United States gist of the Rockf<fiountains are considered. After the
introduction (Section 1), the assessment is presentelin five carts (Sections 2-6).
Section 2 describes the character /stics of RCL piping 1n these' Westinghouse PWR plants.4

Section 3 describes the methodoldgy used in the analysit, Sections 4 and 5 present the
best-estimate and uncertainty a/alyses, respectively. 0'up conclusions are presented in
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